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CHAPTER 1.  INTRODUCTION 
 
Specific Aims 
In animals, ATP-citrate lyase (ACL) is a cytosolic enzyme that converts citrate to acetyl-
CoA and oxaloacetate for fatty acid and sterol biosynthesis.  In Arabidopsis thaliana 
(Arabidopsis), cytosolic acetyl-CoA is used rather for the elongation of fatty acids 
synthesized in the plastid and for the biosynthesis of secondary metabolites.  Many of these 
are derived from the carboxylation pathway in which acetyl-CoA is converted to malonyl-
CoA by homomeric acetyl-CoA carboxylase (hmACCase). 
Plant ACL is a heterooctamer consisting of ACLA and ACLB subunits.  In Arabidopsis, 
the ACLA subunit is encoded by three separate genes while the ACLB subunit is encoded by 
two.  hmACCase is a homodimer.  In many plant species, hmACCase is also encoded by 
multiple genes, two in Arabidopsis.  Given the juxtaposition of ACL and hmACCase with 
respect to cytosolic acetyl-CoA metabolism, one might reasonably ask: 
a) What is the functional significance of the three paralogous ACLA genes and the two 
paralogous ACLB genes? 
b) What is the functional significance of the two paralogous homomeric ACC genes? 
Background 
Since intracellular membranes are impermeable to acetyl-CoA (Brooks and Stumpf, 
1966), it is thought to be generated in the same subcellular compartment where it is required 
(Wurtele et al., 1998).  As such, each acetyl-CoA pool in the plant cell is believed to be a 
discreet entity, serving as substrate for the synthesis of specific non-overlapping pools of 
downstream metabolites.  Other acetyl-CoA pools appear to have rather singular functions.  
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In the mitochondria, acetyl-CoA is generated from pyruvate by mitochondrial pyruvate 
dehydrogenase (mPDH).  It is then funneled into the citric acid cycle and used for the 
generation of ATP and the synthesis of amino acid carbon skeletons.  In the plastid, acetyl-
CoA is similarly synthesized by a plastidic pyruvate dehydrogenase (ptPDH) (Reid et al., 
1975) or from acetate by acetyl-CoA synthetase (ACS) (Millerd and Bonner, 1954; Kuhn et 
al., 1981) and used for fatty acid biosynthesis.  In contrast, cytosolic acetyl CoA is a substrate 
for synthesis of a plethora of phytochemicals, many of which are important for growth, 
development, and responses to environmental cues (Schmid et al., 1990; Clouse, 2002; 
Souter et al., 2002).   These are synthesized by no less than three separate metabolic 
pathways:  carboxylation, condensation, and acetylation.  Carboxylation pathway products 
include:  elongated fatty acids, flavonoids, malonyl derivatives, and malonate.  Elongated 
fatty acids themselves are involved in the biosynthesis of a diverse set of products such as 
seed oils, membrane phospholipids, sphingolipids, cutin, and suberin (Hrazdina et al., 1978; 
Kolattukudy, 1980; Pollard and Stumpf, 1980; Stumpf and Burris, 1981; Hohl and Barz, 
1995; Bao et al., 1998; Bohn et al., 2001; Sperling and Heinz, 2003). 
ATP-Citrate Lyase.  ACL catalyzes the ATP-dependent cleavage of citrate into 
oxaloacetate and acetyl-CoA, the net effect of which in Arabidopsis is to shuttle two-carbon 
acetate equivalents from the mitochondria to the cytosol (Figure 1).  It has been known for 
about 50 years that acetyl-CoA can be produced from citrate (Srere and Lipmann, 1953).  
However, the evidence for ACL activity in plants dates back is more recent (Mattoo and 
Modi, 1970), and research connecting ACL to cytosolic acetyl-CoA and its downstream 
products is even younger still (Nelson and Rinne, 1975; Fritsch and Beevers, 1979; Kaethner 
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and ap Rees, 1985; Ratledge et al., 1997).  In addition, the earliest research supporting ACL 
activity in plants was rather slow to gain acceptance within the scientific community. 
Arabidopsis ACL is a heterooctamer composed of two dissimilar subunits denoted ACLA 
(45 kDa) and ACLB (65 kDa) in an A4B4 configuration.  Each subunit is encoded by a small 
gene family.  The ACLA subunit is encoded by three separate genes on chromosome 1  
Figure 1.  ATP-citrate lyase is part of the citrate shunt which shuttles two carbon acetate equivalents from the 
mitochondria to the cytosol. 
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(ACLA-1, At1g10670; ACLA-2, At1g60810; and ACLA-3, At1g09430), and the ACLB 
subunit is encoded by two separate genes, one each on chromosomes 3 and 5 (ACLB-1, 
At3g06650; and ACLB-2, At5g49460).  The amino acid sequences of ACLA-1 and ACLA-2 
have greater identity with each other (~95%) than either does with ACLA-3 (~85%).  ACLB-1 
and ACLB-2 share ~97% amino acid identity (Fatland et al., 2000). 
In situ hybridization and northern analysis have demonstrated that ACLA and ACLB 
mRNAs coordinately accumulate to their highest levels in tissues requiring acetyl-CoA such 
as flower buds and developing siliques up to four days after flowering.  Also, the cellular 
pattern of ACL mRNA accumulation is distinct from that of plastidic acetyl-CoA generating 
enzymes (ACS and ptPDH) and plastidic heteromeric acetyl-CoA carboxylase (htACCase) 
(Ke et al., 2000; Fatland et al., 2005).  However, this pattern is strikingly similar to that of 
hmACCase (Ke et al., unpublished manuscript). 
Fatland et al. (2005) used a reverse genetics approach to further explore the link between 
ACL and cytosolic acetyl-CoA metabolism by generating a series of antisense-ACLA RNA 
Arabidopsis lines with a range of ACL activity.  They observed that plants with even 
moderately reduced ACL activity have a complex ‘bonsai’ phenotype.  This phenotype 
presents as miniaturized organs, smaller cells, aberrant plastid morphology, reduced cuticular 
wax deposition, and hyper-accumulation of starch, anthocyanin, and stress-related mRNAs in 
vegetative tissue.  The severity of the phenotype correlates with the degree of reduction in 
ACL activity, suggesting that ACL is required for normal growth and development. 
A few specific findings warrant further mention.  First, expression of both ACLA and 
ACLB was reduced in mutant antisense-ACLA plants.  This finding indicates that there is 
coordination between the expression of the ACLA and ACLB subunits.  Second, a reduction 
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in ACL activity reduced seed fatty acid accumulation as well as epicuticular and cuticular 
wax deposition.  Since each of these compounds is at least partially composed of very long 
chain fatty acids (VLCFAs) which require cytosolic acetyl-CoA for synthesis, this result 
provides further evidence that the cytosolic acetyl-CoA pool is dependent upon ACL.  Third, 
of all the cytosolic acetyl-CoA-derived compounds tested, only malonate complemented the 
‘bonsai’ phenotype.  In fact, malonate treatment of antisense-ACLA plants induced a striking 
reversion to near wild-type appearance in nearly all variables measured.  This finding 
suggests that a decrease in cytosolic acetyl-CoA synthesis and its subsequent flow through 
the carboxylation pathway is likely responsible for the observed phenotype. 
Acetyl-CoA Carboxylase.  ACCase is an enzyme that catalyzes the ATP-dependent 
 
carboxylation of acetyl-CoA to malonyl-CoA.  ACCase has three distinct conserved  
 
functional domains; two are catalytic while the third is purely structural.  The structural  
 
domain carries the biotin prosthetic group and is named the biotin carboxyl-carrier (BCC)  
 
domain.  One catalytic domain catalyzes the carboxylation of the biotin moiety and is called 
 
 
Figure 2.  The acetyl-CoA carboxylase reaction occurs in two steps:  the carboxylation of the biotin prosthetic 
group by the BC domain and the subsequent transfer of the carboxyl group from carboxy-biotin to acetyl-CoA 
by the CT domain to form malonyl-CoA. 
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the biotin carboxylase (BC) domain.  The other catalytic domain, named the 
carboxyltransferase (CT) domain, catalyzes the transfer of the carboxyl group from carboxy-
biotin to acetyl-CoA, the carboxyl group acceptor (Figure 2) (Nikolau et al., 2003). 
Most plants, excluding Graminae, contain two isoforms of ACCase, one in the plastid 
and one in the cytosol (Konishi and Sasaki, 1994; Konishi et al., 1996).  The plastidic 
ACCase is heteromeric, consisting of separate dissociable subunits.  Heteromeric ACCase 
(htACCase) catalyzes the first committed step of fatty acid biosynthesis (Ke et al., 2000).  In 
contrast, cytosolic ACCase is homomeric; all three functional domains are contained within a 
single polypeptide (Yanai et al., 1995).  Homomeric ACCase (hmACCase) is responsible for 
generating the cytosolic malonyl-CoA pool used for the elongation of C-16 and C-18 fatty 
acids exported from the plastid, as well as the biosynthesis of many secondary metabolites 
including flavonoids, malonate, and malonyl derivatives (Nikolau and Wurtele, 1998). 
In plants, hmACCase is a homodimer, composed of two identical 250-kDa subunits.  
Like the hmACCases of animals and fungi, the three functional domains of each polypeptide 
of plant hmACCase follow a distinct linear arrangement:  NH2–BC–BCC–CT–COOH.  As 
such, they all share a high degree of sequence conservation (Nikolau et al., 2003). 
HmACCase is encoded by a small gene family in many plants, and Arabidopsis is no 
exception.  Arabidopsis hmACCase is encoded by two genes, ACC1 and ACC2, arranged in 
tandem repeat within 25 kb on chromosome 1.  These two genes encode nearly-identical 
proteins, sharing over 90% sequence identity (Yanai et al., 1995).  The one exception is the 
amino terminal end of the ACC2 protein, which is extended relative to that of ACC1.  It has 
been suggested that this extension may be a transit peptide, as it compares favorably with 
plastid-targeting sequence of a hmACCase isozyme in B. napus.  One hypothesis postulates 
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that dicots like Arabidopsis and B. napus may be evolving a redundant mechanism for the 
synthesis of plastidic malonyl-CoA which would allow for the evolutionary loss of htACCase 
from the genome, as is presumed to have happened in Graminae (Nikolau et al., 2003).  For 
example, hexaploid wheat, which lacks a plastidic htACCase, instead has both plastidic and 
cytosolic isoforms of hmACCase (Gornicki et al., 1997). 
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CHAPTER 2.  CHARACTERIZATION AND EXPRESSION PATTERNS 
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CITRATE LYASE OF ARABIDOPSIS 
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Abstract 
Acetyl-CoA is responsible for much of the structural and functional diversity in nature, 
as it provides organisms with the chemical flexibility to biosynthesize a plethora of natural 
products.  Recent studies in Arabidopsis using antisense RNA technology have demonstrated 
that an overall reduction of ATP-citrate lyase (ACL) activity in the cytosol produces a 
complex morphological and biochemical phenotype.  Significant complementation of the 
phenotype with malonic acid demonstrated that the observed metabolic alterations were 
related to the carboxylation pathway of cytosolic acetyl-CoA metabolism.  However, 
Arabidopsis ACL is encoded by two small subfamilies of highly homologous genes.  In 
Arabidopsis, functional ACL is an A4B4 heterooctamer, and the ACLA subunit is encoded by 
three genes while the ACLB subunit is encoded by two.  The individual physiological roles 
of each of these genes have not been determined.  In this study we report the isolation of T-
DNA of Ds transposon insertion mutants for each gene in the ACL family.  By intercrossing 
aclb1 and aclb2 mutants, we have shown that the ACL null condition is embryo lethal.  This 
finding demonstrates that normal growth and development requires an adequate ACL-
generated cytosolic acetyl-CoA pool which cannot be complemented by any other 
endogenous source of acetyl-CoA.  We have also demonstrated that, in spite of the different 
expression patterns observed, ACLA genes display substantial functional redundancy, as 
genetic disruption of these, individually or in pair, produces no morphological and few 
biochemical phenotypes. 
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Introduction 
Because intracellular membranes are impermeable to acetyl-CoA (Brooks and Stumpf, 
1966), it is thought to be generated in the same subcellular compartment where it is required 
(Wurtele et al., 1998).  As such, each acetyl-CoA pool in the plant cell is believed to be a 
discreet entity, serving as substrate for the synthesis of specific non-overlapping pools of 
downstream metabolites.  Other acetyl-CoA pools appear to have rather singular functions.  
In the mitochondria, acetyl-CoA is generated from pyruvate by mitochondrial pyruvate 
dehydrogenase (mPDH).  It is then funneled into the citric acid cycle and used for the 
generation of ATP and the synthesis of amino acid carbon skeletons.  In the plastid, acetyl-
CoA is similarly synthesized by a plastidic pyruvate dehydrogenase (ptPDH) (Reid et al., 
1975) or from acetate by acetyl-CoA synthetase (ACS) (Millerd and Bonner, 1954; Kuhn et 
al., 1981) and used for fatty acid biosynthesis.  In contrast, cytosolic acetyl CoA is a substrate 
for synthesis of a plethora of phytochemicals, many of which are important for growth, 
development, and responses to environmental cues (Schmid et al., 1990; Clouse, 2002; 
Souter et al., 2002).   These are synthesized by no less than three separate metabolic 
pathways:  carboxylation, condensation, and acetylation.  Carboxylation pathway products 
include:  elongated fatty acids, flavonoids, malonyl derivatives, and malonate.  Elongated 
fatty acids themselves are involved in the biosynthesis of a diverse set of products such as 
seed oils, membrane phospholipids, sphingolipids, cutin, and suberin (Hrazdina et al., 1978; 
Kolattukudy, 1980; Pollard and Stumpf, 1980; Stumpf and Burris, 1981; James and Dooner, 
1990; Hohl and Barz, 1995; Bao et al., 1998; Bohn et al., 2001; Sperling and Heinz, 2003). 
ATP-Citrate Lyase (ACL) catalyzes the ATP-dependent cleavage of citrate into 
oxaloacetate and acetyl-CoA, the net effect of which in Arabidopsis is to shuttle two-carbon 
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acetate equivalents from the mitochondria to the cytosol (Figure 1).  It has been known for 
about 50 years that acetyl-CoA can be produced from citrate (Srere and Lipmann, 1953).  
However, the evidence for ACL activity in plants dates back is more recent (Mattoo and 
Modi, 1970), and research connecting ACL to cytosolic acetyl-CoA and its downstream 
products is even younger still (Nelson and Rinne, 1975; Fritsch and Beevers, 1979; Kaethner 
and ap Rees, 1985; Ratledge et al., 1997).  In addition, the earliest research supporting ACL 
activity in plants was rather slow to gain acceptance within the scientific community. 
Arabidopsis ACL is a heterooctamer composed of two dissimilar subunits denoted 
ACLA (45 kDa) and ACLB (65 kDa) in an A4B4 configuration.  Each subunit is encoded by 
a small family of gene paralogs.  The ACLA subunit is encoded by three separate genes on 
chromosome 1 (ACLA1, At1g10670; ACLA2, At1g60810; and ACLA3, At1g09430), and the 
ACLB subunit is encoded by two separate genes, one each on chromosomes 3 and 5 (ACLB1, 
At3g06650; and ACLB2, At5g49460).  The amino acid sequences of ACLA1 and ACLA2 
have greater identity with each other (~95%) than either does with ACLA3 (~85%).  ACLB1 
and ACLB2 share ~97% amino acid sequence identity (Fatland et al., 2000). 
Fatland et al. (2005) used a reverse genetics approach to further explore the link between 
ACL and cytosolic acetyl-CoA metabolism by generating a series of antisense-ACLA RNA 
Arabidopsis lines with a range of ACL activity.  They observed that plants with even 
moderately reduced ACL activity have a complex ‘bonsai’ phenotype.  This phenotype 
presents as miniaturized organs, smaller cells, aberrant plastid morphology, reduced cuticular 
wax deposition, and hyper-accumulation of starch, anthocyanin, and stress-related mRNAs in 
vegetative tissue.  The severity of the phenotype correlates with the degree of reduction in 
ACL activity, suggesting that ACL is required for normal growth and development.  Notably, 
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malonate treatment of antisense-ACLA plants induced a striking reversion to near wild-type 
appearance in nearly all variables measured, suggesting that a decrease in cytosolic acetyl-
CoA synthesis and its subsequent flow through the carboxylation pathway is likely 
responsible for the observed phenotype.  Throughout, however, the specific roles of the 
individual ACLA and ACLB paralogs still remained to be elucidated. 
To understand the functional significance of each of five ACL genes to plant 
metabolism, growth, and development, transgenic promoter::GUS fusion plants were 
engineered for each gene and the individual expression patterns were characterized.  Also, 
mutant alleles for each of the paralogs were isolated.  Viable homozygous mutants were 
intercrossed in various combinations.  Each of these single- and double-mutant plant lines 
were characterized both morphologically and biochemically by using various techniques to 
assay downstream product of the carboxylation pathway.  Our results indicate that each of 
these genes has an expression pattern unique to its subfamily of paralogs and an individual 
physiological role. 
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Results 
Transgenic analysis of the expression of ACL  genes 
To investigate the individual patterns of ACL expression, the promoter region from each 
of the three ACLA genes and two ACLB genes (1-kb segment upstream of the transcribed 
regions) was fused to the GUS reporter gene, and the resulting constructs were transformed 
into Arabidopsis.  The ability of promoters to drive gene expression was monitored by GUS 
histochemical assays (Fig. 1).  Each image is representative of results obtained with three 
independent transgenic lines. 
In the chosen analytical platform, 18d seedlings, significant differences were observed 
among the expression patterns of the three ACLA genes.  The expression of ACLA1::GUS 
was clearly the highest among the ACLA genes (Fig. 1A).  ACLA1::GUS expression was 
detected in the root vasculature (Fig. 1B), rosette leaves (Fig. 1C), cotyledon vasculature 
(Fig. 1D), and shoot apical meristem (Fig. 1E).  ACLA2::GUS expression was also observed, 
albeit more discreetly (Fig. 1G).  Significant ACLA2::GUS expression was detected in the 
root vasculature and elongation zone (Fig. 1G) as well as the trichomes of rosette leaves (Fig. 
1H).  ACLA3::GUS expression was not detected. 
Differences were also observed between the expression patterns of the two ACLB genes.  
While ACLB1::GUS expression was not detected (Fig. 1J), significant ACLB2::GUS 
expression was observed (Fig. 1L).  ACLB2::GUS expression appeared throughout the roots 
with the highest concentration in the root tips (Fig. 1L).  Also, a low level of ACLB2::GUS 
expression was detected in the trichomes surrounding the shoot apical meristem (Fig. 1M).  
No expression was detected in either of two negative controls:  promoterless GUS 
transgenics (Fig. 1N) or non-transgenic wild type (Fig. 1O). 
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Isolation and characterization of ACL T-DNA tagged mutant alleles 
To investigate the physiological consequences of the functional loss of each of the 
individual ACL genes, T-DNA tagged alleles were obtained from various sources.  All of 
these were identified from the Salk Institute Arabidopsis T-DNA flanking sequence database 
by homology to each of the ACL genomic DNA sequences.  Each allele was confirmed and 
characterized by PCR-based genotyping using T-DNA left border (LB) and right border (RB) 
primers with genomic DNA primers as indicated in Fig. 2.  The lone Ds transposon insertion 
allele, aclb1-2, was confirmed similarly using primers corresponding to the 5’ and 3’ ends of 
the transposon.  The position of each insertion and corresponding genomic DNA sequence 
deletions were determined by sequencing the resulting PCR products. 
One ACLA1 allele, acla1-1 (SALK_021437), was obtained from the Salk Institute 
Genomic Analysis Laboratory (SIGnAL) through the Arabidopsis Biological Resource 
Center (ABRC) at The Ohio State University (Alonso et al., 2003).  The acla1-1 T-DNA 
insertion is located in Intron 3 with a 29-bp deletion.  Also, two ACLA2 alleles were isolated.  
acla2-1 (FLAG_CFN21) was obtained from Versailles collection of the French National 
Institute for Agronomic Research (INRA) (Samson et al., 2002). The acla2-1 T-DNA 
insertion is located in Intron 11 with a 7-bp deletion.  The acla2-2 allele (GABI_187H03) 
was obtained from GABI-Kat collection of the Genome Analysis of the Plant Biological 
System project (GABI) through the Nottingham Arabidopsis Stock Centre (Rosso et al., 
2003). The acla2-2 T-DNA insertion is located in Intron 12 and carries with it a 30-bp 
genomic sequence deletion.  In addition, two ACLA3 alleles were isolated.  Both acla3-1 
(SALK_120573) and acla3-2 (SALK_067448) were obtained from the SIGnAL collection.  
The acla3-1 T-DNA insertion is confined to Exon 2 and is associated with a 39-bp deletion.  
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The acla3-2 insertion, however, is associated with a 160-bp deletion which begins in Exon 2 
and ends in Exon 3, thereby completely eliminating Intron 2. 
Two ACLB1 mutant alleles were isolated.  aclb1-1 (GABI_895F02), obtained from the 
GABI-Kat collection, contains a T-DNA insertion in Exon 16 with a corresponding 25-bp 
deletion.  aclb1-2 (CS100148) was obtained from the IMA Ds transposon insertion collection 
through ABRC (Parinov et al., 1999).  The aclb1-2 insertion is associated with a 910-bp 
deletion which begins in Exon 15 and continues through the 3’-UTR, thus eliminating the 
remainder of the ACLB1 genomic sequence.  Two ACLB2 mutant alleles were also isolated.  
The aclb2-1 allele (FLAG_EIC213), identified from the Versailles collection, contains a T-
DNA insertion associated with a 39-bp deletion which reaches from Exon 11 into Intron 11.  
The aclb2-2 allele (GABI_540H12), obtained from the GABI-Kat collection, contains T-
DNA insertion associated with a 23-bp deletion which is contained within Intron 14. 
Analysis of ACL mRNA transcripts in mutant alleles 
Homozygous stocks and sibling wild type stocks for each T-DNA mutant line were 
assayed for the presence of each ACL mRNA by RT-PCR (Fig. 3) in 18d pooled aerial tissue 
and root tissue using a forward cDNA-specific exon-spanning primer (except in the case of 
ACLA2) designed downstream of all viable T-DNA alleles and a gene-specific reverse 3’-
UTR primer (Fig. 2, Table V).  In each case, RT-PCR products corresponding to each ACL 
mRNA were present in the sibling wild type plants but were undetectable in the homozygous 
mutant plants.  As such, the mutant alleles were concluded to be null alleles. 
Segregation analysis of ACL mutant alleles 
For each of the mutant alleles, T4 segregation analysis data are presented in Table I.  In 
the ACLA gene family, all but one of the mutant alleles segregated normally according to 
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standard Mendelian genetics for a recessive non-lethal mutant allele.  The exception was 
acla3-1, in which the homozygous mutants were significantly under-represented.  This was a 
curious finding considering its relative similarity to acla3-2.  However, when the two alleles 
were crossed together, the progeny segregated in a ratio suggesting no bias against the 
transmission of either mutant allele (Table II).  As such, the acla3-1 segregation phenotype 
was concluded to be non-alleleic.  In any event, the sibling wild type and homozygous 
mutant plants appeared morphologically identical in all cases. 
In contrast to ACLA, all of the four mutant alleles of the ACLB gene family produced 
significant abnormalities.  While the aclb1-1 allele segregated normally, homozygous 
mutants (aclb1-1/aclb1-1) were significantly shorter than their wild type siblings at maturity 
and produced lower seed yields (Table III).  However, no abnormalities were observed in 
silique morphology. 
The aclb1-2 allele, in contrast, did not segregate normally.  In fact, homozygous mutants 
were never recovered, suggesting that the homozygous recessive (aclb1-2/aclb1-2) genotype 
is lethal.  Results from allelic cross present further support for this finding (Table II).  The 
hetero-allelic mutant (aclb1-2/aclb1-1) was never recovered in the F1 generation, 
demonstrating that the viable aclb1-1 allele cannot rescue the lethal aclb1-2 phenotype. 
In the T4 generation of aclb2-1, the homozygous mutants were significantly under-
represented.  Moreover, homozygous mutants of aclb2-2 were not recovered from T3 
heterozygous parents, suggesting that aclb2-2 is also homozygous lethal.  F1 allelic crosses 
demonstrated that the aclb2-2 phenotype could be rescued by the aclb2-1 allele, as the 
hetero-allelic mutant was recovered.  However, the segregation of F2 progeny of the hetero-
allelic mutant showed that this rescue is incomplete (Table II).  Complete rescue would have 
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produced approximately a 2:1 ratio between the aclb2-2/aclb2-1 and aclb2-1/aclb2-1 
genotypes.  Clearly, the hetero-allelic genotype was significantly under-represented in the F2 
generation, thus demonstrating that the aclb2-1 is homozygous lethal with partial penetrance. 
Production of ACL double mutants 
To further investigate the physiological roles of the individual ACL homologs, viable 
homozygous mutants were intercrossed in various combinations.   F1 hybrid progeny 
carrying two mutant alleles were allowed to self-pollinate to produce F2 double homozygous 
mutants and wild type siblings.  Plant lines used for subsequent analysis were confirmed as 
true-breeding lines in the F3 generation. 
Several combinations of ACLA homozygous mutant alleles proved to be not only viable, 
but also free of any significant morphological abnormalities.  These included acla2-1 ♂ × 
acla1-1 ♀, acla3-1 ♂ × acla2-2 ♀, and acla3-2 ♂ × acla2-1 ♀.  The acla3-1 ♂ × acla1-1 ♀ 
cross was also attempted.   However, it was unsuccessful, presumably due to the proximity of 
the ACLA1 and ACLA3 genes to one another on Chromosome I, less than 0.5 Mb.  Of the 198 
F2 plants screened, neither double homozygous mutants nor wild type siblings were 
recovered, although the individual mutant alleles sorted as expected according to χ2 analysis 
(Table IV).  Concomitantly, the parental genotypes and the double heterozygous genotype 
(ACLA3/acla3-1, ACLA1/acla1-1) were severely over-represented in the population, 
suggesting the requisite crossover event between the two mutant loci was never achieved. 
Additionally, the aclb2-1 ♂ × aclb1-1 ♀ cross was produced.  However, F2 double 
homozygous mutants were never recovered from F1 double heterozygous parents 
(ACLB2/aclb2-1, ACLB1/aclb1-1), although several wild type siblings were found.  This 
result suggests that the ablation of both ACLB genes is lethal.  This was confirmed by 
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examination of seed development in F2 double heterozygous plants (Fig 4).  Siliques of 
various ages on the mid-flowering bolts were examined by stereomicroscopy.    Because the 
onset and progression of the phenotype were observed to be somewhat variable, Figure 4 (A-
D, G-H) shows each stage of the phenotype at its earliest appearance on the bolt with respect 
to its position relative to the last open flower, designated position 1.  The phenotype can first 
be detected in position 4 (estimated to be 5 DAF) as ovules which appear either subtly 
misshapen or slightly lighter in color (Fig. 4A-B).  These abnormal ovules continue to 
collapse and lose color (Fig. 4C-D, G-H), and various stages of this progression were 
observed in positions 5-9.  This occurs until they finally appear shriveled and brown (Fig. 4I-
J).  Although this stage was occasionally observed earlier, position 10 is indicated for this 
stage, because all abnormal ovules appeared as such from that point older.  Siliques dissected 
from wild type siblings, typified in Fig. 4K, showed no such abnormalities.  In the 22 siliques 
observed, the phenotype was present 45 of 554 seeds.  This frequency corresponds to the 
1:16 ratio expected for double homozygous progeny from a double heterozygous parent (χ2 = 
3.316, α = 0.05, 1 d.f.). 
Embryos were dissected from ovules displaying clear abnormalities prior to total 
collapse such as those in Fig. 4C-D, as well as similarly aged and positioned siliques of 
sibling wild type (Fig 4 E-F).  The most developed embryos appeared to be arrested at the 
torpedo stage (Fig. 4F) while corresponding wild type embryos were clearly developmentally 
further advanced. 
Double heterozygotes were used for the preceding analysis, because they displayed 
relative morphological similarity to wild type.  In contrast, two ACLB2/aclb2-1, aclb1-
1/aclb1-1 were significantly dwarfed and poorly fertile.  The plants measured 12.3 cm and 
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15.1 cm, setting 29.8 mg and 34.6 mg of seeds, respectively.  All of these variables score 
well below those measured in even the most severely affected aclb1-1/aclb1-1 single 
mutants. 
Analysis of seed fatty acid concentration and composition in ACL mutants 
One of the major metabolic uses of cytosolic acetyl-CoA generated by ACL is the 
production of malonyl-CoA by homomeric acetyl-CoA carboxylase.  Malonyl-CoA is the 
sole source of carbon units for elongation of C16 and C18 fatty acids to longer chain lengths. 
As such, the loss of function of individual ACL genes might affect not only the amount of 
fatty acids deposited in the seeds, but also the proportion of elongated fatty acids therein.  To 
examine this possibility, seeds from viable single and double ACL mutants and their 
corresponding wild type siblings were homogenized with 10% barium hydroxide to 
hydrolyze ester, thioester, amide, and phosphoryl bonds.  All liberated fatty acids were 
extracted in organic solvent and methylated for analysis by GC-MS as fatty acid methyl 
esters.  Each measurement is the average of three independent biological replicates; the 
results are presented in Figure 5. 
Only two homozygous mutants, acla1-1 and alca2-2, displayed a significant decrease in 
total seed fatty acid concentration relative to their wild type siblings (Fig. 5A).  Curiously, no 
effect, let alone an enhanced effect, was observed in double mutants involving these alleles 
(acla2-1 ♂ × acla1-1 ♀ and acla3-1 ♂ × acla2-2 ♀).  Curiouser still, the concentration effect 
observed in the two single mutant lines was not accompanied by a corresponding decrease in 
the proportion of elongated fatty acids (Fig. 5B). 
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Analysis of root fatty acid concentration and composition in ACL mutants 
Another pool of metabolites which might be affected by the loss of ACL gene function, 
either individually or in combination, is root fatty acids.  Arabidopsis roots have a rich fatty 
acid profile including hydroxy-fatty acids and long chain acyl alcohols.  Root fatty acids 
were extracted from 18d seedlings and analyzed by the essentially the same method as 
described for seed fatty acids.  Again, each measurement is the average of three independent 
biological replicates.  The results are presented in Figure 6. 
None the assayed homozygous mutants displayed a significant response in the root fatty 
acid pool to the loss of any functional ACL loci (Fig 6A).  Furthermore, no effect was 
observed in the composition of the root fatty acid pool either (Fig. 6B), just as in the seed 
fatty acid pool.  This finding is rather surprising given that promoter::GUS  experiments 
discussed earlier demonstrated that ACLA1, ACLA2, and ACLB2 are all substantially active in 
the roots of 18d seedlings. 
Analysis of cuticular wax concentration and composition in ACL mutants 
Given that the Arabidopsis cuticular wax pool is composed predominantly of very long 
chain fatty acids (VLCFAs; > C18) and their derivatives, it serves as another group of 
metabolites which might be adversely impacted by the disruption of individual ACL genes.  
Cuticular waxes were extracted from the aerial tissues of 18d seedlings by submerging them 
in chloroform.  Each extraction was derivatized and analyzed by GC-MS.  Measurements are 
the average of three independent biological replicates.  The results, presented in Figure 7, 
demonstrate that the total cuticular wax load appeared to be reduced in nearly every case, but 
most significantly in only acla1-1, aclb1-1, and aclb2-1.  In each case, the cuticular wax 
profile was not significantly altered (data not shown). 
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Analysis of anthocyanin accumulation in ACL mutants 
So far, efforts to characterize the chemotype associate with the loss of individual ACL 
alleles have focused on fatty acids.  However, the elongation of fatty acids is just one of the 
uses malonyl-CoA synthesized from the cytosolic acetyl-CoA pool generated by ATP-citrate 
lyase.  As such, the effect on the flavonoid biosynthesis was probed by assaying anthocyanin 
accumulation in 18d ACL homozygous mutant and sibling wild type seedlings under normal 
light and high light conditions (Table V).  High light conditions were defined as exposure to 
30-fold more intense illumination for 48 hours immediately prior to harvest. 
Under normal light conditions, aclb2-1 mutants displayed an almost 8-fold increase in 
anthocyanin accumulation, while a nearly 50% decrease was observed in acla3-2 × acla2-1.  
Little effect was observed in the other mutant lines under normal light.  However, under high 
light conditions acla2-1, aclb1-1, and aclb2-1 displayed approximately 2-fold increases in 
anthocyanin accumulation while acla1-1 displayed greater than 4-fold increase.  A nearly 
40% decrease was observed in acla2-1 × acla1-1. 
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Discussion 
Cytosolic acetyl CoA is a substrate for synthesis of a plethora of phytochemicals, many 
of which are important for growth, development, and responses to environmental cues 
(Schmid et al., 1990; Clouse, 2002; Souter et al., 2002).   These are synthesized by no less 
than three separate metabolic pathways:  carboxylation, condensation, and acetylation.  
Carboxylation pathway products include:  elongated fatty acids, flavonoids, malonyl 
derivatives, and malonate.  Elongated fatty acids themselves are involved in the biosynthesis 
of a diverse set of products such as seed oils, membrane phospholipids, sphingolipids, cutin, 
and suberin (Hrazdina et al., 1978; Kolattukudy, 1980; Pollard and Stumpf, 1980; Stumpf 
and Burris, 1981; James and Dooner, 1990; Hohl and Barz, 1995; Bao et al., 1998; Bohn et 
al., 2001; Sperling and Heinz, 2003).  In contrast, other acetyl-CoA pools appear to have 
rather singular functions.  In the mitochondria, acetyl-CoA is generated from pyruvate by 
mitochondrial pyruvate dehydrogenase (mPDH).  It is then funneled into the citric acid cycle 
and used for the generation of ATP and the synthesis of amino acid carbon skeletons.  In the 
plastid, acetyl-CoA is similarly synthesized by a plastidic pyruvate dehydrogenase (ptPDH) 
(Reid et al., 1975) or from acetate by acetyl-CoA synthetase (ACS) (Millerd and Bonner, 
1954; Kuhn et al., 1981) and used for fatty acid biosynthesis.  Synthesis of plastidic acetyl-
CoA as the precursor for fatty acid biosynthesis has been the focus of considerable research 
(Millerd and Bonner, 1954; Nelson and Rinne, 1975; Reid et al., 1975; Kuhn et al., 1981; 
Kaethner and ap Rees, 1985; Burgess and Thomas, 1986; op den Camp and Kuhlemeier, 
1997; Ke et al., 2000; Schwender and Ohlrogge, 2002).  However, comparatively few studies 
have directly addressed the question of how the cytosolic (Kaethner and ap Rees, 1985; 
Fatland et al., 2002; Schwender and Ohlrogge, 2002; Fatland et al., 2005) in spite of the fact 
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that the cytosolic acetyl-CoA pool is responsible for most of the chemical diversity of 
acetate-derived molecules. 
Previous studies have established that ACL occurs in plants, and that it is a 
heterooctamer, consisting of two subunits, ACLA and ACLB occurring in an A4B4 
conformation (Fatland et al., 2002).  The ACLA subunit is encoded by three genes while the 
ACLB subunit is encoded by two (Fatland et al., 2000).  The well-characterized animal ACL, 
in contrast, is a homotetramer.  However, as in animals, plant ACL is located in the cytosol, 
and generates the acetyl-CoA pool in this subcellular compartment.  To investigate the 
individual physiological role of each of the ACL genes, we engineered GUS fusions with 
each of the ACL gene promoters and isolated and characterized mutant alleles for each ACL 
gene. 
Functional loss of ACL is lethal.  Fatland et al. (2005) stated, “Our findings indicate 
that an adequate ACL-generated cytosolic acetyl-CoA pool is essential for normal growth 
and development and that no other source of acetyl-CoA can compensate for deficiencies in 
this pool.”  While their results do indeed indicate that this is likely the case, definitive 
evidence remained elusive.  However, our aclb2-1 × aclb1-1 intercrosses approach this 
standard.  This cross would produce an ACL null plant, if viable.  However, it instead 
produced every other possible genotype (data not shown) and aborted seeds carrying arrested 
embryos in the ratio expected of the double homozygous mutant genotype (Fig. 4).  
Unfortunately, attempts to culture such embryos and complement them with 5 mM malonic 
acid were unsuccessful.  Presumably, the physiological deficiencies leading to arrest are 
manifest in the double homozygous mutant embryos before they can be viably cultured. 
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Our results support the conclusion of Fatland et al. (2005) that ACL is not redundant in 
generating cytosolic acetyl-CoA.  However, while their observations imply that ACL is near-
limiting in generating cytosolic acetyl-CoA, our aclb2-1 × aclb1-1 intercrosses provide the 
most definitive evidence to date that ACL is the sole source of cytosolic acetyl-CoA 
biosynthesis, and its loss has lethal consequences. 
ACLA genes display greater functional redundancy than ACLB genes.  Metabolic 
redundancy provides organisms with metabolic plasticity to tolerate mutations, which may 
ultimately allow for evolution of novel metabolic pathways (Pichersky and Gang, 2000; 
Bouche and Bouchez, 2001).  As a consequence of such redundancies, disruption of the 
expression of many genes that might be expected to be essential for growth and development 
leads to no obvious phenotype (Todd et al., 1999; Bouche and Bouchez, 2001).  In several of 
our assays, this is the case for the ACLA gene family. 
Fatland et al. (2005) found that Arabidopsis is highly sensitive to alterations in ACL-
derived acetyl-CoA metabolism and that even small perturbations in the capacity to generate 
ACL-derived acetyl-CoA elicited large changes in metabolism, growth and morphology.  
However, none of the mutant alleles in the ACLA gene family produced an obvious 
morphological phenotype.  Also, they seldom produced biochemical phenotypes.  It is true 
that in our promoter-driven GUS experiments ACLA1 produced a much more broadly 
distributed expression pattern in 18d seedlings than did either ACLA2 or ACLA3.  
Correspondingly, its absence in mutant plants produced biochemical phenotypes more 
consistently than either ACLA2 or ACLA3.  Relative to its wild type siblings, homozygous 
acla1-1 mutants produced reduced seed fatty acid concentration (one of  only two mutants 
allele to do so), reduced cuticular wax deposition, and hyper-accumulation of anthocyanin in 
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response to high light treatment.  However, none of these biochemical phenotypes produced 
anything even remotely resembling the morphological abnormalities observed in the 
antisense-ACLA plants of Fatland et al. (2005) with only moderately reduced ACL activity 
(~50% of wild type levels).  Also, RT-PCR results show no significant compensation by any 
of the other family members when one or even two are disrupted.  All of these observations 
are consistent with a conclusion of significant functional redundancy within the ACLA gene 
family.  It should be noted, though, that substantial variability in wild type measurements 
from one allele to another, as in the case of anthocyanin, sometimes complicated 
interpretation of the results. 
In contrast, with one homozygous lethal mutant allele each, ACLB1 and ACLB2 appear 
to share substantially less functional redundancy than the ACLA genes.  Also, the viable 
ACLB mutants displayed a number of morphological and biochemical phenotypes.  
Homozygous aclb1-1 mutants were shorter at maturity than their wild type siblings, and 
aclb1-1/aclab-1 18d seedlings displayed reduced cuticular wax load and increased 
anthocyanin accumulation in response to high light treatment.  In the aclb2-1 allele, 
homozygous mutants were under-represented in T3 segregation data, which suggests reduced 
fertility may be associated with the aclb1-1/aclab-1 genotype.  In addition, 18d homozygous 
aclb2-1 mutant seedling presented reduced cuticular wax deposition and hyper-accumulation 
of anthocyanin, not only in response to high light treatment, but also normal light conditions 
(the only mutant to do so).  All of these phenotypes are consistent with reduced overall ACL 
activity as described by Fatland et al. (2005).   
Interestingly, the loss of ACLB genes appeared to display a dosage effect.  Observations 
of the ACLB1/aclb1-1 plants suggested an intermediate phenotype between the 
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morphologically normal wild type sibling and the short-statured homozygous mutant.  
Moreover, a limited sample of ACLB2/aclb2-1, aclb1-1/aclb1-1 plants displayed a much 
more severe phenotype, strikingly similar at first glance to the ‘bonsai’ phenotype described 
by Fatland et al. (2005).  Since the severity of this phenotype has previously been correlated 
with reduced ACL activity, our findings suggest the possibility that, in intact Arabidopsis 
plants, ACLA subunits may available in excess and the availability of ACLB subunits is a 
limiting factor in ACL activity in critical phases of plant development.  However, Western 
blot analysis of antisense-ACLA plants (Fatland et al., 2005) suggests cross talk between 
ACLA and ACLB expression.  Given that our findings were produced from a very limited 
sample size, further investigation is warranted. 
Finally, the functional redundancy observed in our collection of ACL mutant alleles 
underscores the essential nature of the cytosolic acetyl CoA pool and many of the products 
for which it is a precursor.  This is especially apparent in the measurement and profiling of 
seed fatty acids.  The relative lack phenotypes with regard to seed VLCFAs was somewhat 
surprising, especially the observation that in two cases (acla1-1 and acla2-2) total seed fatty 
acid concentration was reduced while the proportion of VLCFA species therein was 
unchanged. However, Fatland et al. (2005) also saw no alteration in seed fatty acid 
composition in antisense-ACLA plants with reduced seed fatty acid concentration, so the 
results are consistent with previous work.  It is tempting to speculate that plants may contain 
an elusive mechanism for maintaining composition at the expense of concentration.  As Baud 
et al. (2003) have demonstrated in their work with acc1 mutants, the complete inability to 
elongate the products of de novo fatty acid biosynthesis can have lethal consequences. 
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Equally interesting is the biosynthesis and accumulation of anthocyanin.  Intuitively, a 
lack of cytosolic acetyl-CoA (and hence, malonyl-CoA) precursors due to reduced ACL 
activity ought to abrogate the synthesis of anthocyanin.  By contrast, a number of our ACL 
mutants hyper-accumulated anthocyanin, either under normal conditions or in response to 
increased illumination intensity, as did the antisense-ACLA plants of Fatland et al. (2005).  
However, a few of our homozygous mutants actually hypo-accumulated anthocyanin:  acla3-
2 × acla2-1 under normal light and acla2-1 × acla1-1 with high light induction.  Both 
findings were surprising considering that the homozygous acla2-1 mutant, which was 
involved in both crosses, hyper-accumulates high-light-induced anthocyanin individually.  
The latter result is doubly surprising given that the acla1-1/acla1-1 genotype also hyper-
accumulates high-light-induced anthocyanin.  However, prior studies have demonstrated that 
anthocyanins hyper-accumulate during a number of different stresses (von Schaewen et al., 
1990; Riesmeier et al., 1994: Nemeth et al., 1998; Shirley, 2002), which may suggest that the 
perception of physiological/metabolic stress may override the alleged genetic constraint place 
on the pool of precursor molecules by novel metabolic regulatory connections.  The presence 
of hypo-accumulating double mutants, however, suggests such an override mechanism may 
have limits, eventually acquiescing to other metabolic demands for the same pool of 
precursors.  However, given the substantial variability in the in wild type measurements from 
one allele to another, any conclusions are purely speculative, and further investigation is 
warranted. 
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Materials and Methods 
Plant Materials 
Segregating T3 T-DNA insertion lines were obtained from the SALK Institute SIGnAL 
T-DNA Insertion population (Col-0)  (Alonso et al., 2003), INRA Versailles collection (WS) 
(Samson et al., 2002), GABI-Kat collection (Col-0)  (Rosso et al., 2003), and IMA Ds 
transposon insertion collection (Ler-0)  (Parinov et al., 1999).  Seeds were first sterilized in 
0.5% bleach and 0.004% Triton X-100 in 90% ethanol for 10 min and then rinsed three times 
with ethanol.  The seeds were then imbibed with 0.1% agar and plated on half-strength 
Murashige and Skoog medium, pH 5.7, 0.8% phytoagar, and 1% (w/v) sucrose.  Imbibed, 
plated seeds were stratified for 4 days at 4°C then germinated vertically in a growth chamber 
(Econaire ER1210) at 22ºC under constant illumination at a photon flux density of ~70-90 
μmol•m-2•s-1.  Seedlings were wither harvested at 18d for subsequent analysis or 
transplanted at 7d to Sunshine LC mix 1 (Sun Gro Horticulture, Bellevue, WA). 
DNA Isolation and Characterization 
Standard procedures were used for the propagation of plasmid clones in Escherichia 
coli, and the isolation, analysis and manipulation of nucleic acids (Sambrook et al., 1989).  
Double-stranded plasmid DNA templates were sequenced using an ABI 373A DNA 
sequencer (Applied Biosystems) at the Iowa State University Nucleic Acids Facility.  Both 
strands of all DNA fragments were sequenced.  Sequencing primers were the M13 universal 
and reverse primers, and a set of primers complementary to sequences each of the cloned 
genomic sequences.   
T-DNA insertions were confirmed using PCR primers specific for gene sequences and 
the T-DNA left border.  Primers were designed using Primer3 (http://frodo.wi.mit.edu/cgi-
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bin/primer3/primer3_www.cgi).  Insertion sites were confirmed by sequencing the PCR 
product of the left border primer and a gene-specific primer (Table III).  Both strands of all 
DNA fragments were sequenced.  Gene expression was analyzed using RT-PCR.  Total RNA 
was isolated from 100 mg 5d seedling tissue using the Qiagen RNeasy kit.  Total RNA 
(250ng) was treated with DNase I to digest genomic DNA and used for reverse transcription 
using the Invitrogen SuperScript First-Strand kit.  PCR reactions used 10% of the RT product 
as DNA template.  Amplification consisted of 36 cycles of 94°C for 15 s, 58°C for 30 s, and 
72°C for 2 min, followed by a 4 min 72ºC extension phase. 
Transgenic Plants 
Arabidopsis thaliana (L.) Heynh., ecotype Columbia were grown as described above.  
Six sets of transgenic Arabidopsis plants were generated that each carried containing one of 
the following transgenes:  ACLA1::GUS, ACLA2::GUS, ACLA3::GUS, ACLB1::GUS, 
ACLB2::GUS, promoterless GUS control.  Each transgene was constructed by cloning the 
promoter fragment (1 kb immediately preceding the start codon) into the HindIII and BamHI 
sites of the plant transformation vector pBI101.2 (Clonetech, Palo Alto, CA).  The resulting 
plasmids were transformed into the Agrobacterium tumefaciens strain C58C1 (Koncz and 
Schell, 1986), and these were used for plant transformation.  Arabidopsis plants were 
transformed by dipping floral organs into a saturated culture of A. tumefaciens strain 
harboring the above transformation vector (Clough and Bent, 1998).  Transformed seeds 
were selected by their ability to grow in the presence of kanamycin.  Transgenic plants were 
propagated to at least the T3 generation.  The transgene was homozygous as judged by the 
inheritance of the kanamycin resistance trait in siblings from individual T2-generation plants.   
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Histochemical analysis of GUS activity 
GUS expression was studied in detail in three independent transgenic lines containing 
one of the following transgenes:  ACLA1::GUS, ACLA2::GUS, ACLA3::GUS, ACLB1::GUS, 
ACLB2::GUS, promoterless GUS control.  Fresh plant material were incubated with a 
solution composed of 30 mM NaH2PO4, 50 mM Na2HPO4, 8 mM EDTA, 0.12% Triton X-
100, 4 mM K3[FeCN6], 4 mM K4[FeCN6]•3H2O, 20% methanol, and 1.5 mM 5-bromo-4-
chloro-3-indoyl-β-D-glucuronic acid (Jefferson et al., 1987).  The GUS reaction was allowed 
to proceed for 1, 2, 4, 6, or 24 hours at 25°C.  The stained tissue was then washed with 70% 
ethanol, and chlorophyll was cleared from the tissue by diffusion in a solution of 70% 
ethanol for a period of 3-18 h. 
Extraction and Analysis of Fatty Acids 
Lipids were extracted from either ~3.0 mg seed or ~100 mg 18d root tissue, using a 
protocol based on that of (Bonaventure et al., 2003).  Internal standard (10 µg of 
nonadecanoic acid (Fluka) in hexane) was applied to the sample and was homogenized in 
10% Ba(OH)2.  1,4-dioxane was added, and the sample was incubated 110°C for 24 hr under 
a nitrogen atmosphere.   The sample was then acidified with 6M HCl, and fatty acids were 
extracted with three aliquots of hexane.  Hexane extracts were pooled, and concentrated by 
evaporation under a stream of nitrogen gas.  An aliquot of this sample was transmethylated 
by adding 1N HCl in methanol and incubating under a nitrogen atmosphere at 80°C for 1 h.  
The reaction was stopped by the addition of 1 ml of 0.9% NaCl and fatty acid methyl esters 
were extracted with three aliquots of hexane.  Hexane extracts were pooled, and concentrated 
by evaporation under a stream of nitrogen gas.  Samples were then silylated as described for 
cuticular waxes.  Fatty acid methyl esters were analyzed using a GC series 6890 from Agilent 
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(Palo Alto, CA) equipped HP-1 silica capillary column (30 m x 0.32 µm, inner diameter) 
using helium as the carrier gas.  The GC was coupled to a 5973 Agilent mass 34 detector. 
The injector was held at 250°C.  The oven began at 140°C and increased at 4°C/min to 
230°C and maintained at this temperature for 3 min, and then increased at 4°C/min to 250°C 
and maintained at this temperature for 5 min.  Resulting chromatograms were integrated by 
Agilent’s HP enhanced ChemStation TM G1701 BA version B.01.00 software.  Peaks were 
identified by comparing acquired mass spectra with Agilent NIST05 mass spectra library.  
Quantity of fatty acid/g fresh tissue mass was calculated based on the internal standard. 
Extraction and Analysis of Cuticular Waxes 
Cuticular waxes were extracted using a modified protocol of (Perera et al., 2003), 
optimized for Arabidopsis.  A known amount of hexadecane (Sigma, St. Louis, MO) was 
applied, as an internal standard, to the surface of ~100 mg 18d seedling tissue.  Chloroform-
soluble waxes were extracted by submerging the tissue in 1 ml of chloroform for 1 min.  The 
chloroform extract was concentrated by evaporation under a stream of nitrogen gas.  
Chloroform-dissolved wax samples were silylated using a protocol based on that of (Wood et 
al., 2001) and (Hannoufa et al., 1993).  Specifically, nitrogen-dried wax extract was 
dissolved in 1 ml of acetonitrile, and adjusted to 6% of bis-trimethylsilyltrifluoroacetamide 
and 10% trimethyl-chlorosilane.  Samples were incubated at 65°C for 30 min, cooled, dried 
by evaporation under a stream of nitrogen gas, and suspended in chloroform.  Silylated 
cuticular wax samples were analyzed using a GC series 6890 from Agilent (Palo Alto, CA) 
equipped HP-1 silica capillary column (30 m x 0.32 µm, inner diameter) using helium as the 
carrier gas.  The GC was coupled to a 5973 Agilent mass 34 detector. The injector was held 
at 250°C.  The oven began at 80°C for 2 min and then increased at 5°C/min to 260°C and 
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maintained at this temperature for 10 min, and then increased at 5°C/min to 320°C and 
maintained at this temperature for 10 min.  Resulting chromatograms were integrated by 
Agilent’s HP enhanced ChemStation TM G1701 BA version B.01.00 software.  Peaks were 
identified by comparing acquired mass spectra with Agilent NIST05 mass spectra library. 
Quantity of wax/g fresh tissue mass was calculated based on the internal standard. 
Anthocyanin Quantification 
Anthocyanin content was assessed using a protocol based on that of (Rabino and 
Mancinelli, 1986) and (Bariola et al., 1999).  The aerial portion of 18d seedlings was 
harvested and extracted by shaking at RT for 2 h with 2.5 ml of 1% HCl in methanol.  To 
remove interfering pigments, 2 ml chloroform was added and the samples were vortexed for 
1 min.  Deionized water (5 ml) was added, and the samples vortexed for 1 min, and 
centrifuged (5 min at 1500 g).  The absorbance of the upper, methanol/water, phase, was 
determined at 530 nm and 657 nm.  Anthocyanin concentration was calculated from the 
difference in absorbance (A530 - A657). 
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Figure Legends 
Figure 1.  Histochemical localization of promoter-mediated GUS expression in 18 d 
transgenic Arabidopsis seedlings.  GUS activity was visualized by infiltrating transgenic 
seedlings with 5-bromo-4-chloro-3-indolyl-β-D-glucoronic acid.  ACLA1::GUS whole 
seedling (A), roots (B), rosette leaf (C), cotyledon (D), and shoot apical meristem (E); 
ACLA2::GUS whole seedling (F), roots (G), rosette leaf (H); ACLA3::GUS whole seedling 
(I); ACLB1::GUS whole seedling (J): ACLB2::GUS whole seedling (K), roots (L), and shoot 
apical meristem (M); promoterless GUS control whole seedling (N); non-transgenic wild 
type whole seedling (O).  Staining was either for 4 h (A-E) or 24 h (F-O).  Bars =  5 mm (A, 
F, I, J, K, N, O); 500 µm ( B-E, G, H, L, M) 
 
Figure 2.  Schematic structure of the ACL gene family.  In the schematic representation of 
the exon-intron structure of the genes, exons are represented as shaded boxes, introns as the 
intervening lines, and 5’- and 3’-UTRs as unshaded boxes.  Positional insertions and 
corresponding genomic sequence deletions of T-DNA tagged alleles are indicated; width of 
the black boxes indicates the size of the deletion.  Locations of genomic PCR primers (black 
arrowheads) and RT-PCR primers (unshaded arrowheads) are also indicated; see Tables VI 
and VII for primer sequences. 
 
Figure 3.  ACL gene expression in various ACL T-DNA single and double mutants.  RT-PCR 
with gene-specific and cDNA-specific primers was used to detect ACLA1, ACLA2, ACLA3, 
ACLB1, and ACLB2 gene expression in 18d seedlings in sibling wild type (+/+) and 
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homozygous mutants (−/−); MCCB is included as a loading control.  See Table VII for 
primer sequences. 
 
Figure 4.  Seed development in aclb2-1 ♂ × aclb1-1 ♀ mutants.  Developing seeds of sibling 
wild type and F2 double heterozygous mutant mid-flowering bolts were examined by 
stereomicroscopy at various stages of development.  The schematic of the bolt indicates the 
position with respect to the last open flower of the silique from which the image was taken.  
F2 double heterozygous mutant position 4 (A, B), position 5 (C, D), position 6 (E, F), and 
position 10 (I, J); sibling wild type position 6 (K).  Embryos dissected from position 5 
siliques of double heterozygous mutant seeds displaying phenotype (E) and wild type sibling 
(F).  Arrows indicate seeds displaying phenotype; yellow arrows indicate identical seeds at 
different magnification, 3-fold (A, D, G, I) and 7-fold (B, C, H, J). 
 
Figure 5.  Seed fatty acid accumulation in ACL T-DNA mutants.  Total seed fatty acid 
concentration (A) and levels of C16 + C18 fatty acids and VLCFAs (B) in sibling wild type 
(WT) and single or double homozygous mutants (HM).  Average data ± standard deviation 
from minimum of three replicates. 
 
Figure 6.  Root fatty acid accumulation in ACL T-DNA mutants.  Total root fatty acid 
concentration (A) and levels of C16 + C18 fatty acids and VLCFAs (B) in 18d sibling wild 
type (WT) and single or double homozygous mutants (HM).  Average data ± standard 
deviation from minimum of three replicates. 
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Figure 7.  Cuticular wax accumulation in ACL T-DNA mutants.  Total cuticular wax 
concentration in 18d sibling wild type (WT) and single or double homozygous mutants 
(HM).  Average data ± standard deviation from minimum of three replicates. 
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Table I  Statistical analysis of T4 segregation data 
 Segregation  Statistical test Mutant 
line  +/+  +/−  −/−  χ2 α = 0.05 d.f.
acla1-1  11  24  11  0.087 5.991 2 
acla2-1  9  24  11  0.545 5.991 2 
acla2-2  9  13  7  0.586 5.991 2 
acla3-1  16  31  3  9.640* 5.991 2 
acla3-2  16  29  9  2.111 5.991 2 
aclb1-1  11  35  9  4.236 5.991 2 
aclb1-2  24  48  0  24.000* 5.991 2 
aclb1-2  24  48  −  0.000 3.841 1 
aclb2-1  22  49  9  8.275* 5.991 2 
aclb2-2  15  33  0  16.125* 5.991 2 
aclb2-2  15  33  −  0.094 3.841 1 
 
*Indicates statistical significance 
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Table II  Statistical analysis of allelic cross segregation data 
         Statistical Test 
Cross    Segregation  χ2  α = 0.05  d.f.
   2/2  2/1  1/1       
      acla2-2/acla2-2 ♂ × 
aca2-1/acla2-1 ♀ F2  
9 
 
19 
 
16 
 
3.045 
 
5.991 
 
2 
   2/2  2/1  1/1       
      acla3-2/acla3-2 ♂ × 
aca3-1/acla3-1 ♀ F2  
6 
 
31 
 
10 
 
5.468 
 
5.991 
 
2 
   +/1  2/1         
       aclb1-2/ACLB1 ♂ × 
acb1-1/aclb1-1 ♀ F1  
15 
 
0 
   
15.000* 
 
3.841 
 
1 
   1/1  1/2  2/2       
 0  13  34  58.574*  5.991  2 aclb2-1/aclb2-1 ♂ × 
aclb2-2/ACLB2 ♀ F2  ―  13  34  32.252*  3.841  1 
 
*Indicates statistical significance 
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Table III  aclb1-1/aclb1-1 phenotype 
     
Genotype  
Plant height 
(cm)  
Seed yield 
(mg) 
ACLB1/ACLB1  45.8 (3.6)  150.1 (15.6) 
ACLB1/aclb1-1  37.6 (8.2)  136.2 (30.3) 
aclb1-1/aclb1-1   29.6* (5.6)  120.7 (37.7) 
 
Standard deviations in parentheses 
*Indicates statistical significance (compared to sibling wild type) 
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Table IV  Statistical analysis of acla3-1 ♂ × acla1-1 ♀ intercross segregation data 
    segregation    
ACLA3  +/+ +/– –/– +/+ +/– –/– +/+ +/– –/–  Statistical test 
ACLA1   +/+ +/+ +/+ +/– +/– +/– –/– –/– –/–  χ2 α = 0.05 d.f.
               
ACLA3 
only  59 95 38 – – – – – –  4.615 5.991 2 
               
ACLA1 
only  41 – – 100 – – 51 – –  1.375 5.991 2 
               
ACLA3 × 
ACLA1   0 3 38 8 92 0 51 0 0  324.458* 15.507 8 
 
*Indicates statistical significance 
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Table V  Anthocyanin accumulation in ACL mutantsa 
      Normal light  48-hr. 30 × Normal light 
Mutant    
line  Wild type  
Homozygous 
mutant  Wild type  
Homozygous 
mutant 
acla1-1  0.10 ± 0.03  0.10 ± 0.02  0.25 ± 0.13  *1.16 ± 0.40 
acla2-1  0.15 ± 0.08  0.18 ± 0.08  0.53 ± 0.28  *1.22 ± 0.36 
acla2-2  0.06 ± 0.01  0.05 ± 0.02  0.13 ± 0.01  0.11 ± 0.02 
acla3-1  0.06 ± 0.02  0.05 ± 0.01  0.45 ± 0.16  0.43 ± 0.19 
acla3-2  0.31 ± 0.21  0.22 ± 0.24  2.30 ± 2.13  1.81 ± 1.62 
acla2-1 ×     
 acla1-1  0.05 ± 0.01  0.04 ± 0.01  2.38 ± 0.14  *1.48 ± 0.52
acla3-1 ×     
 acla2-2  0.23 ± 0.05  0.19 ± 0.03  3.22 ± 0.35  2.29 ± 0.66
acla3-2 ×     
 acla2-1  0.16 ± 0.04  *0.08 ± 0.02  1.85 ± 0.16  1.70 ± 0.21
aclb1-1  0.06 ± 0.01  0.05 ± 0.01  0.10 ± 0.02  *0.18 ± 0.02 
aclb2-1   0.08 ± 0.07  *0.67 ± 0.57  0.33 ± 0.33   *1.00 ± 0.91 
 
aMeasured as (A530 – A657) / g fresh tissue mass 
*Indicates statistical significance 
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Table VI  Genomic primer sequences 
Primer  Sequence 
a1-1F  TCGTTTTGAAATGGCGAGGAA 
a1-1R  TTCAGGTGTCAGGGAAGCACC 
a2-1F  CCTTTTGTATATGCAGACAAGTGCCTC 
a2-1R  CGTCTCAAACTCAAGAGACGCTAAAGA 
a2-2F  TATCCAGGTTGGAGATCTCGGGTA 
a2-2R  ATTGCTTGCATCGTGTGTAAAAGG 
a3-1F  TGAATGAATCGTGTTTTGTCTGAATGTTA 
a3-1R  CATTTGTTAGAGCAGGCATAGCATAGTTC 
a3-2F  GGAGCATTTGAAGCGTCTTGC 
a3-2R  TAGCGTCATCGACTTTTCCGC 
b1-1F  TGATGATGCAGCACGATACTTCAA 
b1-1R  GCCTAACTGAATGGGAGAGAATGA 
b1-2F  TACGCAGTCCAAGTAGAGACATACACACT
b1-2R  ATCAATGTAACATCATCCTTTTGGTTTTG 
b2-1F  GCCTTAATTCAAGAGCTATGTTGCAGA 
b2-1R  AGGCAAAGAGAGAAACTGATACCTCAA 
b2-2F  ATTAATCTGCAGGGGAGGAACCAT 
b2-2R  GTTGGACCGAGCAAATTTCTGAAG 
Salk LB  CGTTCTTTAATAGTGGACTCTTGTTCCAA 
Salk RB  GACAGGTCGGTCTTGACAAAAAGAAC 
FLAG LB  TCACGGGTTGGGGTTTCTACAGGAC 
FLAG RB  CGTGTGCCAGGTGCCCACGGAATAGT 
GABI LB  CCCATTTGGACGTGAATGTAGACAC 
GABI RB  GAGGAGCATCGTGGAAAAAGAAGA 
Ds 5’  ATCTGAGGAATGGAGTCGTAGCC 
Ds 3’  CGATTACCGTATTTATCCCGTTC 
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Table VII  RT-PCR primer sequences 
Primer  Sequence 
a1-10/11F  GCCAGAGTCGTTATTGATTGTGCT 
a1-3R  GGGGAAAAAAAAGTAACGATTATTTA 
a2-13F  GAGGCAATCCAGTACATCAACAGC 
a2-3R  AAAAAGAAGATACTTGTTCTTTATTTA
a3-10/11F  TGCAAGAGTTGTCATTGATTGTGC 
a3-3R  TAGATTGGTGTGTAGAGCGAGTGTG 
b1-16/17F  GTTTAATCGGGCACACATTCGAT 
b1-3R  CAGGAATAAGGAACGACCAGAAGA 
b2-15/16F  GGGATTGGACACAGGATCAAGAG 
b2-3R  TGAGCATGACTCATAGAATCCCAAA 
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Figure 1, Schmidt et al. 
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Figure 2, Schmidt et al. 
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Figure 3, Schmidt et al. 
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Figure 4, Schmidt et al. 
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Figure 5, Schmidt et al. 
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Figure 5, Schmidt et al. 
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Figure 6, Schmidt et al. 
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Figure 6, Schmidt et al. 
 
B 
Total root fatty acid composition in ACL  mutants
0.0%
10.0%
20.0%
30.0%
40.0%
50.0%
60.0%
70.0%
80.0%
90.0%
100.0%
acla1-1 acla2-1 acla2-2 acla3-1 acla3-2 acla2-1 x
acla1-1
acla3-1 x
acla2-2
acla3-2 x
acla2-1
aclb1-1 aclb2-1
Mutant Allele
P
e
rc
e
n
t 
o
f 
T
o
ta
l
WT C14 - C18
HM C14 - C18
WT > C18
HM > C18
  
61
Figure 7, Schmidt et al. 
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Abstract 
Arabidopsis expresses two distinct versions of acetyl-CoA carboxylase, the heteromeric 
and homomeric isoforms.  The two genes that code for homomeric acetyl-CoA carboxylase 
(ACC1 and ACC2, At1g36160 and At1g36180 respectively) are adjacent to each other in a 
tandem configuration near the middle of chromosome 1.  Analysis of their sequences 
indicates that these two genes probably arose via a "local" gene duplication event, followed 
by divergence in structure, and probably function.  Specifically, the ACC2 gene contains two 
large insertions relative to the ACC1 gene, one within intron 6, and the second at the 5’-end 
of the gene.  Experimental evidence is presented which establishes that this 5’-end insertion 
appends an additional exon and intron to ACC2, which targets the gene product to the 
plastids.  Thus, this is one of the evolutionary steps needed for the replacement of the 
plastidic heteromeric acetyl-CoA carboxylase by a plastidic homomeric isoform, an event 
that has occurred in certain plant species.  Detailed studies of the expression of the ACC1 and 
ACC2 genes by RNA blot, in situ hybridization, and ACC1::GUS and ACC2::GUS transgene 
expression studies indicate that ACC1 is the predominant paralog that is expressed in most 
stages of development, whereas ACC2 is expressed at much lower levels and at discreet 
places in the plant architecture.  The spatial and temporal pattern of homomeric acetyl-CoA 
carboxylase mRNA accumulation is generally consistent with the metabolic demands on the 
cytosolic malonyl-CoA pool.  However, several specific patterns of homomeric acetyl-CoA 
carboxylase mRNA accumulation cannot be rationalized by known metabolic processes, and 
these are probably indicative of novel malonyl-CoA-requiring metabolic processes.   
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Introduction 
Acetyl-CoA carboxylase (ACCase) is a biotin-containing enzyme that catalyzes the 
formation of malonyl-CoA from acetyl-CoA.  Malonyl-CoA is a substrate for both 
condensation and malonation reactions that create intermediates for an extensive and varied 
set of phytochemicals (Goodwin and Mercer, 1988; Yamaguchi et al., 1996; Wu et al., 1995; 
Stafford, 1995; Reinecke and Kindl, 1994; Nikolau et al., 1984; Stumpf and Burris, 1981; 
Leistner, 1981; Kolatattukudy, 1987; Hrazdina et al., 1978; Moon et al., 1994; Gross, 1981; 
Borejsza-Wysocki and Hrazdina, 1996; Blume et al., 1979; Beckert et al., 1997).  Malonyl-
CoA-requiring reactions are localized in plastids (e.g., 3-ketoacyl-ACP synthase, malonyl-
CoA:ACP transacylase) and the cytoplasm (e.g., 3-ketoacyl-CoA synthase, chalcone 
synthase, stilbene synthase, and malonyl-CoA:aminocyclopropane carboxylic acid 
transacylase).  Each of these malonyl-CoA-requiring enzymes is involved in the biosynthesis 
of different sets of phytochemicals, including fatty acids, elongated fatty acids, flavonoids, 
stilbenes and malonyl-derivatives.  Because malonyl-CoA cannot readily cross membranes, 
this molecule needs to be generated in the subcellular compartment in which it will be 
utilized.  Indeed, plants contain two forms of ACCase that fulfill these metabolic roles.  One 
ACCase isoform is localized in plastids, the other is localized in the cytosol, and in most 
plants, with an exception of Graminae, these two ACCase isoforms are structurally distinct.  
In non-Graminae, the plastidic ACCase is a heteromeric complex composed of four different 
subunits, whereas the cytosolic ACCase is a homomeric enzyme composed of two 250-kDa 
subunits (Egin-Buhler et al., 1980; Egli et al., 1993; Sasaki et al, 1993; Gornicki et al, 1994; 
Alban et al., 1994; Roesler et al., 1994; Shulte et al., 1994; Konishi and Sasaki, 1994; Alban 
et al., 1995; Choi et al., 1995; Sasaki et al., 1995; Shorrosh et al., 1995; Shorrosh et al., 
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1996).  In Graminae, two homomeric ACCase isozymes are located in the cytosol and 
plastids (Konishi et al., 1996; Huang et al., 2002).  In Arabidopsis, the homomeric ACCase 
subunits are coded by two tandemly arranged genes, ACC1 and ACC2 (Shorrosh et al., 1994; 
Yanai et al., 1995). 
Recently, Arabidopsis mutant alleles have been characterized which demonstrate that 
ACC1-derived malonyl-CoA is required for normal embryo development (Baud et al. 2003).  
Concomitantly, seeds containing abnormal embryos were devoid of very long chain fatty 
acids (VLCFA, ≥ C20), suggesting that VLCFA elongation is required for this process.  In 
further studies, exogenous malonate was shown produce significant metabolic 
complementation of the acc1 phenotype (Baud et al. 2004).  Throughout, however, the role 
of ACC2 still remained to be elucidated. 
In this manuscript, we describe of the expression patterns of these two paralogs.  Also, 
we demonstrate definitively that the ACC2 protein is localized to the plastids.  In addition, 
we show that Arabidopsis suffers no genetic consequence in acc2 T-DNA mutants, in stark 
contrast to the homozygous lethality observed in acc1 T-DNA mutants.  Taken together, our 
results indicate conclusively that these two genes encode non-redundant functions in 
generating different pools of malonyl-CoA. 
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Results 
ACC1 and ACC2 gene structure and organization 
The major difference between the ACC1 and ACC2 genes occurs at their 5’-ends; 
homology between the two genes begins in Exon 2 as demonstrated by 5-RACE experiments.  
In ACC1, the 291-bp Exon 1 is entirely 5’-UTR sequence which is absent from ACC2.  The 
382-bp Exon 1 of ACC2 is distinct from ACC1 and, in contrast, is almost entirely protein-
coding, containing only a 16-bp 5’-UTR region (Fig. 1).  ACC2 Exon 1 encodes an amino 
acid sequence that shares 52% identity (58% similarity) with the amino acid sequence 
encoded by the first exon of the class I ACCase genes of Brassica napus (Schulte et al., 
1997), typified by genes Bn.ACCg8 (GenBank Accession X77576) and Bn.ACCg10 
(GenBank Accession Y10302) (Fig. 1).  The function of ACC2 exon 1 may be indicated by 
studies of Schulte et al. (1997).  They showed that when fused to the GFP protein, the N-
terminal 100 residues of the protein coded by Bn.ACCg8, has the ability to target GFP to the 
chloroplasts of tobacco protoplasts.  In addition, computational analyses with the TargetP 
algorithm (Emanuelsson et al., 2000) indicate that the Arabidopsis ACC2 protein is likely 
plastid localized. 
Another notable difference between the ACC1 and ACC2 genes is intron 6 (Fig. 1), 
which is over 2-kb longer in the ACC2 gene than in the ACC1 gene.  The nucleotide 
sequence of intron 6 of ACC2 is highly AT-rich and contains short (about 30 nucleotide) 
imperfect direct repeats that are scattered throughout the intron.  In addition, near the center 
of this intron there is a large (514 nucleotide) imperfect palindrome.  The sequence of intron 
6 of ACC2 is repetitive in the Arabidopsis genome.  A BLASTN search of the Arabidopsis 
genome sequence identified nearly 300 loci, scattered randomly throughout the genome, 
  
68
which share significant sequence similarity with different segments of intron 5.  (BLAST 
scores between 54 and 609, corresponding to E values of between 7 X 10-4 and 10-171). 
With the exception of the first exon and intron and the sequence of intron 6, the 
nucleotide sequence of the transcribed segments of the two ACCase genes (exons and 
introns) share approximately 80% sequence identity, which translates to 90% identity at the 
amino acid level.  As would be expected for protein-coding segments of genes, the 
paralogous exons of ACC1 and ACC2 are more highly conserved than are paralogous introns.  
Specifically, paralogous pairs of exons do not differ in size and share 86-93% sequence 
identity.  Furthermore, in 21 (of 31) paralogous exons, the majority of the differences are 
synonymous and thus do not result in differences at the amino acid sequence level (see 
Supplemental Data, Table I).  In contrast, all but four of the paralogous pairs of introns 
contain deletions or insertions and they share between 54% (intron 2) and 92% (intron 13) 
sequence identity (see Supplemental Data, Table II).   
In contrast to the high sequence conservation between the transcribed portions of the 
two ACCase genes, there is no recognizable conservation among the 5’- and 3’- gene-
flanking sequences of these genes (Supplemental Data, Figure 1).  Hence, cis-acting 
regulatory sequences that may control the transcription of these two genes are not conserved 
between them, which would indicate that these two genes are probably transcribed in distinct 
patterns. 
Transgenic analysis of ACC2 protein localization 
To investigate the subcellular localization of the ACC2 protein, the first 366 nucleic 
acids of the ACC2 coding sequence (corresponding to the first 122 amino acids of the ACC2 
protein) were cloned into the pEarleyGate 103 vector (Earley et al. 2006) to engineer an N-
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terminal GFP fusion with the putative transit peptide.   This construct was transiently 
expressed in Arabidopsis rosette leaves, and the results were imaged by confocal scanning 
laser microscopy (Fig. 2).  Mock-transformed non-transgenic wild type leaves (Fig. 2A, C, E) 
and leaves expressing the transit peptide-GFP fusion construct (ACC2TP-GFP; Fig. 2B, D, 
F) were compared. 
The chloroplasts of both mock-transformed leaves (Fig. 2A) and ACC2TP-GFP leaves 
(Fig 2B) were observed by chlorophyll autofluorescence (red) at 568 nm.  GFP fluorescence 
(green, 488 nm) was virtually absent in mock-transformed leaves (Fig. 2C) while significant 
GFP fluorescence was observed in ACC2TP-GFP leaves (Fig 2D).  Merged autofluorescence 
and GFP fluorescence images for each (Figs. 2E and 2F, respectively) demonstrated 
conclusively that the GFP fluorescence abundant in the ACC2TP-GFP images but absent 
from the mock-transformation images was localized to the chloroplasts.  Accordingly, the 
cellular localization of the ACC2 protein was concluded to be the chloroplast. 
Homomeric ACCase mRNA accumulation patterns 
The accumulation patterns of the homomeric ACCase mRNA were investigated by a 
combination of northern blot and in situ hybridization analyses.  To distinguish between 
ACC1 and ACC2 expression requires gene-specific probes.  Because of the high degree of 
sequence identity between the two ACCase-coding genes, it was not possible to develop an 
ACC1-specific probe, but an ACC2-specific probe (the A2-probe) was developed based upon 
the additional exon present in the ACC2 gene.  Northern and in situ hybridization analyses 
with the A2 probe did not detect ACC2 mRNA accumulation in leaves, siliques, or flower 
buds (data not shown).  Hence, we conclude that in the environmental conditions used in 
these studies, the ACC2 gene is expressed at very low levels relative to ACC1. This is 
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consistent with previous RT-PCR analyses of ACC2 mRNA accumulation (Yanai et al., 
1995) and our own analysis.  Based upon these findings, we surmise that the A1 probe that 
was used in all the northern and in situ hybridization studies reported herein predominantly 
reveals the accumulation of the ACC1 mRNA.  As such, these analyses were conducted with 
the A1 probe, which detects both the ACC1 and ACC2 mRNAs.  We refer to the signal 
obtained with this probe as the homomeric ACCase mRNA, which is the sum of the 
accumulation of the ACC1 and ACC2 mRNAs.   
Figure 3 shows northern hybridization analyses of RNA isolated from young expanding 
leaves, flower buds, opened flowers, and developing siliques at various DAF.  These 
analyses indicate that the homomeric ACCase mRNA accumulates to highest levels in 
expanding leaves, flower buds, opened flowers and young siliques (1-3 DAF).  Subsequently, 
when the siliques cease expanding (i.e., 4 DAF and older) the accumulation of the 
homomeric ACCase mRNA steadily declines, but a secondary maximum occurs at 6 DAF.  
By the time siliques are maturing (12-15 DAF) accumulation of the homomeric ACCase 
mRNA has declined to about 4% of its peak level. 
In situ hybridization analyses reveals a far more complex pattern of homomeric ACCase 
mRNA accumulation (Figure 4).  Maximal accumulation of this mRNA occurs transiently in 
specific cell types of a variety of tissues, indicating that developmental expression is both 
spatially and temporally regulated.  Within developing flower buds, highest accumulation of 
homomeric ACCase mRNA occurs transiently in three tissues, the tapetal cell layer (Fig. 4A-
G), the stigma (Fig. 4K, N), and the ovary (Fig. 4K, L, N).  Specifically, during the 
development of the anthers, the homomeric ACCase mRNA accumulates within the tapetal 
cell layer for approximately 1 day, at flower stages 7 and 8 (Fig. 4A-E), and subsequently it 
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is undetectable by flower stages 10 (Fig. 4F, G) and later (Fig. 4H, I, J, K, N, L, M).  
Throughout this development of the anther, this mRNA is not detectable within the locules 
prior to pollen formation (Fig. 4A-G), but accumulates to relatively high levels in mature 
(Fig. 4H-J).  In the stigma, peak accumulation of the homomeric ACCase mRNA occurs 
transiently prior to fertilization, at flower bud stage 12 (Fig. 4K, N).  In the ovary, there is 
high accumulation of this mRNA at flower bud stages 11 and 12, and this is concentrated in 
the epidermis of the silique wall and integumentary tissue of the developing ovules (Fig. 4K-
R).  Other organs within the flower buds that accumulate relatively high levels of the 
homomeric ACCase mRNA include the petals, particularly at the early stages of flower 
development (Fig. 4F-N).   
During silique development, the homomeric ACCase mRNA accumulates to peak levels 
in the cells of the inner integument of the ovule (Fig.4O-R) and in the developing embryos 
and endosperm (Fig. 4S-X).  However, peak accumulation in each of these tissues occurs at 
different stages during the development of the silique.  This probably reflects the 
developmental changes in the metabolic demands for the product of the ACCase enzyme 
(i.e., malonyl-CoA) in each of these tissues.  Specifically, the homomeric ACCase mRNA 
accumulates to peak levels in the cells of the inner integument at 1 to 5 DAF (Fig. 4O-V), 
and quickly disappear from these cells by 6 DAF (Fig. 4Y).  The endosperm displays 
homomeric ACCase mRNA accumulation from 3 DAF to 9 DAF (Fig. 4S-A’), with peak 
accumulation occurring at 3 DAF (Fig. 4S, T).  However, within the developing embryo, 
peak accumulation of the homomeric ACCase mRNA increases in siliques of 3-9 DAF (Fig. 
4S-A’).  Subsequently, the accumulation of this mRNA within the embryo declines to near 
undetectable levels at 12 DAF (Fig. 4B’, C’).  Interestingly, within the embryo the spatial 
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distribution of the homomeric ACCase mRNA changes during late embryo stage.  Whereas 
at the initial stages of development (3-5 DAF) this mRNA is evenly distributed among the 
cells of the embryos (Fig. 4S-A’), in germinated seedlings it preferentially accumulates in the 
epidermal cells at the tips of cotyledons of the embryos (Fig. 4E’-H’). 
The epidermises of a number of vegetative and reproductive organs preferentially 
accumulate the homomeric ACCase mRNA.  This occurs particularly during the growth and 
expansion phase of these organs.  This preferential accumulation of the homomeric ACCase 
mRNA in the epidermis, is seen in roots and cotyledons of maturing embryos (Fig. 4 D’), in 
cotyledons (Fig. 4E’-H’) and roots (Fig. 4D’, G’) of germinating seedlings, in the leaves 
(Fig. 4I’, J’), including trichomes (data not shown), in receptacles and sepals (Fig. 4A-G), in 
petals and ovaries (Fig. 4F-N), and in filaments (Fig. 4J).  Highest accumulation occurs in the 
cotyledons, root tips and root apical meristems, root vasculature and shoot apical meristem in 
germinated seedlings (Fig. 4 E’, F’).  Peak accumulation in leaf cross-sections occurs in leaf 
epidermal cells and vasculature (xylem and phloem) (Fig. 4 I’, J’). 
Transgenic analysis of the expression of the ACC1 and ACC2 genes 
To further investigate the individual patterns of ACC1 and ACC2 expression, the 
promoter region from each of these two genes (3.2-kb segment upstream of the ACC1 
transcribed regions, and 2.8-kb segment upstream of the ACC2 transcribed region) was fused 
to the GUS reporter gene, and the resulting constructs were transformed into Arabidopsis.  
The ability of the ACC1- and ACC2-promoters to drive gene expression was monitored by 
GUS histochemical assays (Figure 5) and by fluorometric assays of GUS activities in plant 
extracts (Table I).   
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These studies indicate that throughout the growth and development of the Arabidopsis 
plant body, ACC1 expression is considerably higher than ACC2 expression (cf., Fig. 5A, D, 
G, K, M, Q to Fig. 5B, C, E, F, H-J, L, N-P).  Quantitative data in support of this conclusion 
is presented in Table I.  Namely, of the organs examined, flowers, siliques and 5-day old 
seedlings, ACC1-mediated GUS expression is over 350-fold higher than ACC2-mediated 
GUS expression.  Histological examination of ACC-1::GUS expression indicates that the 
ACC1-gene is more broadly expressed in the organs that we examined, these being 2- (Fig. 
5A), 5- (Fig. 5D), and 14-day old (Fig. 5G), seedlings, developing siliques (Fig. 5K), and 
flowers and flower buds (Fig. 5M).  In contrast, the spatial pattern of ACC2::GUS transgene-
expression is more discreet, and changes during development.  Expression is first detected in 
the seedling two days after imbibition, after cotyledons have emerged from the seed coat, and 
is concentrated in the cotyledons and root hairs (Fig. 5B, C).  In seedlings 5 days after 
imbibition, ACC2::GUS expression is highest in the cotyledons and shoot apex of the 
seedling (Fig. 5E, F).  In roots, expression is at much lower levels and is concentrated to the 
root tip and vasculature (Fig. 5F).  As the seedling grows, ACC2::GUS expression diminishes 
in the shoot.  In the root, expression is elevated compared to younger seedlings and is most 
intense in the root tips and vasculature (Fig.5H, I).  As the leaves undergo expansion, 
ACC2::GUS expression declines and becomes localized to the trichomes before it completely 
disappears (Fig. 5I, J).   
During the development of the reproductive organs, ACC1::GUS expression is 
particularly strong in the tissues of the inflorescence (Fig. 5M), being especially concentrated 
in the ovary (Fig. 5Q).  In contrast, ACC2::GUS expression is more discreet, being first 
detected in the inflorescence as flower buds reach stage 8, when the locules become apparent 
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on the stamen (Fig. 4N, O).  Subsequently expression increases in the anthers, specifically in 
the tapetum and pollen grains (Fig. 4P).  Following anther dehiscence, expression in the 
flower is either no longer detectable in any part of the flower or occurs at a low level in the 
ovules (data not shown).  In developing seeds and siliques, ACC2::GUS expression is 
undetectable (Fig. 4L).  
Analysis of acc1 and acc2 mutants 
Three ACC2 mutant alleles, acc2-1, acc2-2, and acc2-3 (SALK_097376, 
SALK_098580, and SALK_110264 respectively), were isolated from the Salk Institute 
Arabidopsis T-DNA flanking sequence database (http://signal.salk.edu/cgi-bin/tdnaexpress) 
by homology to the ACC2 genomic DNA sequence (Alonso et al., 2003).  These were 
confirmed by PCR-based genotyping using T-DNA left border (LB) and right border (RB) 
primers with genomic DNA primers as indicated in Figure 1.  The mutant allele in each of 
these lines segregated normally according to standard Mendelian genetics (Table II), and all 
genotypes were visibly indistinguishable from one another.  Each line was assayed for the 
presence of both ACC1 and ACC2 full length mRNA by RT-PCR (Fig. 1, Table III).  While 
ACC1 transcript levels appeared to be unchanged from wild type level in acc2 mutants, 
ACC2 mRNA transcripts were virtually undetectable, especially at the 3’ end (Fig. 6).  As 
such, it was concluded that ACC2 does not make a significant contribution to acetyl-CoA 
metabolism. 
Two ACC1 mutant alleles, acc1-19 and acc1-20 (SALK_017342 and SALK_087627 
respectively), were also isolated from the Salk Institute Arabidopsis T-DNA flanking 
sequence database as described previously (Fig. 1) (Alonso et al., 2003).  In both lines, wild 
type and heterozygous plants appeared visibly indistinguishable from each other with one 
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notable exception.  At 3 days after flowering (DAF), dissected heterozygous siliques 
displayed approximately one-quarter underdeveloped ovules (Fig. 7A, E).  These 
underdeveloped ovules atrophied while others continued to mature (Fig. 7B-D, F-J).  Wild 
type siblings displayed no such underdeveloped ovules (Fig. 7I-L). Consistent with these 
observations was the inability to recover homozygous mutants from heterozygous parents, 
the progeny from which segregated with a ratio of 1:2, wild type to heterozygous (Table II).  
As such, it was concluded that the homozygous recessive (acc1/acc1) genotype was 
responsible for the observed embryo lethal phenotype. 
Closer examination of the underdeveloped ovules by dissection and both confocal 
scanning laser microscopy (CSLM) and scanning electron microscopy (SEM) revealed 
abnormal development of embryo and endosperm (Fig. 8).  At 3 DAF, discreet differences in 
embryo and endosperm development were apparent.  While wild type embryos were at the 
32-cell stage (Fig. 8A), development of abnormal embryos was delayed at the 4-8 cell stage 
(Fig. 8B).  Endosperm cells also appeared to develop slower.  Radial microtubules appeared 
to be forming at free nuclei inside wild type ovules (Fig. 8C) while this process appeared to 
be delayed in underdeveloped ovules (Fig. 8D).  At 7 DAF, wild type embryos were at 
torpedo stage (Fig. 8E, G), while abnormal embryos appeared arrested at early heart stage or 
late globular stage (Fig, 8F, H) or even at early globular stage in the most severe cases 
observed (data not shown).  Additionally, the endosperm, which had fully cellularized in the 
wild type (Fig. 8I), had either degenerated or never cellularized in the underdeveloped ovules 
(Fig. 8J). 
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Discussion 
The homomeric ACCase is encoded by a paralogous pair of genes that are the result 
of local gene duplication, one of which is targeted to the plastids.  The nucleotide 
sequences of the introns and exons of the ACC1 and ACC2 genes share over 80% sequence 
identity.  This translates to nearly 90% sequence identity between the two encoded proteins.  
In addition, in the two ACCase genes the introns are positioned at identical positions relative 
to the amino acid sequence of the proteins coded by these two genes, and most differences 
between the paralogous exons are synonymous.  This high degree of sequence similarity 
between ACC1 and ACC2 indicates that these two adjacent genes probably arose via a gene-
duplication event.  However, the fact that the sequence conservation between the two genes 
is confined to their transcribed regions indicates that the event that generated ACC1 and 
ACC2 was probably a local duplication.  Such local chromosomal duplications appear to be 
prevalent in the Arabidopsis genome (Lin et al., 1999; Blanc et al., 2000).  This is in contrast 
to the maize genome, where large chromosomal segments appear to have been duplicated 
during primordial segmental allotetraploid events (Gaut and Doebley, 1997), the results of 
which are now apparent as chromosomal segments in which genes are syntenically arranged 
(Gale and Devos, 1998).  Regardless of the mechanistic origins of gene duplications, the 
subsequent evolution of the resulting paralogous genes enables an organism to diversify 
gene-function (Walsh, 1995).  Thus, mutations that affect the normal function of one member 
of a duplicated gene pair can be tolerated because of the presence of the other member of the 
pair.  The consequence is that paralogous genes may diversify in sequence and function.  
Moreover, the evolutionary effect of a gene duplication is thought to usually lead to the 
development of a psuedogene as one member of the duplicated gene pair accumulates 
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deleterious mutations that are tolerated due to the presence of the other member of the pair 
(reviewed by Wendel, 2000). 
The two homomeric ACCase paralogs of Arabidopsis have diversified by the 
accumulation of single base substitutions (prevalent in exons), small insertions or deletions 
(absent from exons but prevalent in introns), and by the insertion or deletion of large DNA 
segments.  Despite these differences between the ACC1 and ACC2 genes, both genes appear 
to be intact in that there are no premature stop codons or frameshifts in exons.  Thus, neither 
gene appears to have evolved to a pseudogene.   
Of the two major structural differences that distinguish the two-homomeric ACCase 
genes, the functional significance, if any, of the insertion in Exon 6 of ACC2 is not clear.  
However, the functional significance of the peptide encoded by Exon 1 of ACC2, which has 
no homologous sequence in ACC1, is clear.  Its functionality as a plastid transit peptide was 
hypothesized from its 52% sequence identity to the N-terminal portion of the B. napus 
BnACCaseg8 gene product.  This N-terminal portion of BnACCaseg8 protein also has the 
ability to target expressed GFP protein to plastids which suggests that a homomeric ACCase 
isoform also occurs in plastids of B. napus (Schulte et al., 1997).  This is consistent with the 
finding that a small proportion (less than 10%) of the homomeric ACCase can be recovered 
in isolated plastids of B. napus (Sellwood et al., 2000).   
Therefore, Exon 1 of the ACC2 gene appears to represent the evolutionary gain of a 
plastid-targeting sequence by a homomeric ACCase isozyme.  As such, ACC2-encoded 
homomeric ACCase might augment the plastidic malonyl-CoA pool generated by the 
heteromeric ACCase.  However, because ACC2 expression is not coordinated with 
lipogenesis, but occurs in discreet tissues and at low levels, it is unlikely to contribute 
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significantly to plastidic malonyl-CoA generation for fatty acid biosynthesis.  In contrast, in 
Arabidopsis the expression of the heteromeric ACCase is coordinated with lipogenesis, 
occurring at high levels in cells that are rapidly growing and/or accumulating oil (Choi et al, 
1995; Sun et al., 1997; Ke et al., 2000).  Furthermore, the reduction of heteromeric ACCase 
accumulation in Arabidopsis via antisense RNA results in stunted growth or lethality (Thelen 
and Ohlrogge, 2002; Qian, Nikolau, and Wurtele, unpublished data) indicating that this 
enzyme is the major (or only) source of plastidic malonyl-CoA.  
The finding that the ACC2 protein is targeted to plastids indicates that in some species 
(including Arabidopsis and B. napus) plastids might contain additional (but not necessarily 
functional) malonyl-CoA-generating enzymes.  This finding provides an explanation as to 
how the evolutionary replacement of the heteromeric ACCase with the homomeric ACCase 
in the plastids of the Graminae may have occurred (Katayama and Ogihara, 1996; Konishi et 
al., 1996).  As evidenced by the absence of the accD gene from the plastidic genome, this 
evolutionary replacement of the heteromeric ACCase with the homomeric ACCase may also 
have occurred in certain species of cactus and Campanula (R. Wallace, personal 
communication).  (The plastid-encoded accD gene encodes one of the four subunits of the 
heteromeric ACCase.)  There are at least three evolutionary prerequisites in order for the 
homomeric ACCase to replace the heteromeric ACCase in generating the plastidic malonyl-
CoA pool.  These are: 1) the duplication of the gene coding for the homomeric ACCase, 2) 
the acquisition of a plastidic targeting peptide by one of the paralogous homomeric ACCase 
genes, and 3) the evolution of the plastid-targeted homomeric ACCase expression pattern to 
satisfy spatial and temporal patterns of plastidic demands for malonyl-CoA.  Once these 
prerequisites have been met, natural selection could act on the redundant malonyl-CoA-
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generating systems leading to the evolutionary loss of the plastidic heteromeric ACCase. In 
some dicots, exemplified to date by Arabidopsis and B. napus, the evolution of the plastidic 
malonyl-CoA-generating system may be an ongoing process.  Namely, only the first two of 
the three prerequisites for the replacement of the heteromeric ACCase appears to have 
occurred. 
ACC1 and ACC2 encode different, non-overlapping physiological functions.  As 
demonstrated by analysis of multiple T-DNA alleles of each of these genes, the phenotypes 
associated with the individual disruption of each gene are as different as they could possibly 
be.  In three separate acc2 mutant lines, the homozygous (acc2/acc2) genotype was routinely 
recovered from heterozygous (ACC2/acc2) parents in a proportion consistent with full 
viability and fertility (Table II).  Accordingly, homozygous mutants appeared identical to 
their wild type siblings in every aspect observed or measured:  germination ratio, seed mass, 
5d seedling mass, and floral development (data not shown).  These observations are entirely 
consistent with our other findings that ACC2 appears to be expressed rather discreetly, at 
relatively low levels, and in the plastids. 
ACC1, on the other hand, is absolutely essential for normal embryogenesis as shown here 
and by others (Baud et al., 2003).  In heterozygous (ACC1/acc1) plants, abnormalities in seed 
development are apparent as early as 3 DAF (Fig. 7) where both embryo and endosperm 
development are clearly impaired (Fig. 8).  Correspondingly, homozygous mutants were 
never recovered (Table II).  Given the newly-discovered plastidic localization of ACC2 (Fig. 
2), expression levels notwithstanding, ACC1 is clearly the sole provider of malonyl-CoA to 
the cytosol in Arabidopsis, and its loss has lethal consequences.  Presumably, this is due to 
the inability to elongate the products of de novo fatty acid biosynthesis (Baud et al., 2003). 
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ACC1 expression accounts for the majority of the homomeric ACCase that 
accumulates in Arabidopsis.  The ACC2 gene appears to encode a functional protein in that 
there are no premature stop codons or frameshifts in exons.  Yet, two pieces of evidence 
indicate that ACC2 is expressed at very low levels in comparison to ACC1.  First, northern 
blot analysis of RNAs from various vegetative and reproductive organs, probed with the 
ACC2-specific A2-probe, indicates that the ACC2 mRNA accumulates to levels that are 
below the detection limit of the analysis. Second, analyses of the expression patterns 
obtained from ACC1::GUS and ACC2::GUS transgenes demonstrate that ACC1-promoter 
driven expression is several hundred fold greater that ACC2-promoter driven expression.  
These latter findings indicate that the differential expression of these two paralogous genes is 
probably regulated at the level of gene transcription. 
Homomeric ACCase mRNA accumulates in cells that have a high demand for 
cytosolic malonyl-CoA.  We have defined a complex, precisely regulated pattern of 
homomeric ACCase mRNA accumulation, which in some cases directly precedes the 
accumulation of a malonyl-CoA derived product.  In Arabidopsis the cytosolic malonyl-CoA 
pool could be envisioned as the precursor for the biosynthesis of flavonoids, the elongated 
fatty acid components of cuticle, suberin, and seed oil, and a wide variety of malonated 
derivatives (Fig. 5).  The accumulation of each of these phytochemicals follows a distinct 
spatial and temporal pattern, which is subject to environmental modulation.  The biosynthetic 
requirements for cytosolic malonyl-CoA appear to explain some of the patterns of 
homomeric ACCase mRNA accumulation.   
For example, the increased accumulation of homomeric ACCase mRNA in embryos of 5 
to 9 DAF coincides with the accumulation of seed oil (Bowmann, 1994).  This reflects the 
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requirement for cytosolic malonyl-CoA to elongate oleic acid (18:1Δ9c) to gadoleic acid 
(20:1Δ11c) and erucic acid (22:1Δ13c), which are major components of Arabidopsis seed oil 
(Pollard and Stumpf, 1980; James and Dooner, 1990; Bao et al., 1998).  Elongated fatty acids 
also accumulate in the tapetal cells prior to the deposition of the pollen coat (Wu et al., 
1999), and indeed we observe transient homomeric ACCase mRNA accumulation in these 
cells.   
In another example, the preferential accumulation of homomeric ACCase mRNA in 
epidermal cells of Arabidopsis organs (leaves, ovaries, petals, sepals, pedicle, peduncle) 
occurs at a stage when cytosolic malonyl-CoA would be required for cuticular wax and 
flavonoid accumulation.  These findings are consistent with the greater concentration of 
homomeric ACCase protein in the epidermis than in the mesophyll of pea and leek leaves 
(Alban et al., 1994; Caffrey et al., 1999).  A third example, is the high accumulation of 
homomeric ACCase mRNA in the cells of the inner integuments of siliques at 1-DAF.  This 
transient accumulation occurs just prior to the deposition of the seed coat (Gasser and 
Robinson-Beers, 1993; Schneitz et al., 1995) and may reflect the malonyl-CoA required for 
the biosynthesis of flavonoid-derived phlobaphen-type components of the seed coat. 
In several cases, for example the cotyledonary tips of older (7-9 DAF) developing 
embryos and the stigma, the pattern of homomeric ACCase mRNA accumulation does not 
follow any known biosynthetic process that requires cytosolic malonyl-CoA.  This may 
reflect the paucity of knowledge of plant metabolism.  Hence, a subset of our data may 
indicate novel aspects of malonyl-CoA-derived phytochemical accumulation.   
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Materials and Methods 
Materials 
Arabidopsis thaliana (L.) Heynh., ecotype Columbia seeds were germinated in sterile 
soil and plants were grown in  Sunshine LC mix 1 (Sun Gro Horticulture, Bellevue, WA) at 
25°C, under constant illumination.  Siliques at specific stages of development (1-15 days 
after flowering [DAF]) were harvested from plants whose flowers were tagged at flower 
opening. Details of the bacteriophage cloning of the contiguous 30-kb of the Arabidopsis 
genome that contains the ACC1 and ACC2 genes have been reported (Yanai et al., 1995).  
Segregating T3 T-DNA insertion lines (Col-0) were obtained from the SALK T-DNA 
Insertion population (Alonso et al., 2003).  Seeds were first sterilized in 0.5% bleach and 
0.004% Triton X-100 in 90% ethanol for 10 min and then rinsed three times with ethanol.  
The seeds were then imbibed with 0.1% agar and plated on half-strength Murashige and 
Skoog medium, pH 5.7, 0.8% phytoagar, and 1% (w/v) sucrose.  Imbibed, plated seeds were 
stratified for 4 days at 4°C then germinated vertically in a growth chamber (Econaire 
ER1210) at 22ºC under constant illumination at a photon flux density of ~70-90 μmol•m-2•s-
1. 
DNA Isolation and Characterization 
Standard procedures were used for the propagation of bacteriophage and plasmid clones 
in Escherichia coli, and the isolation, analysis and manipulation of nucleic acids (Sambrook 
et al., 1989).  Double-stranded plasmid DNA templates were sequenced using an ABI 373A 
DNA sequencer (Applied Biosystems) at the Iowa State University Nucleic Acids Facility.  
Both strands of all DNA fragments were sequenced.  Sequencing primers were the M13 
universal and reverse primers, and a set of primers that are complementary to sequences 
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within the ACC1 and ACC2 genes.  Computer analyses of sequences were performed with 
the Genetics Computer Group (Madison, WI) sequence analysis software package (version 
10.0).  cDNA ends were amplified using Invitrogen 3’ RACE System and 5’ RACE System.  
Gene-specific primers were designed using Primer3 (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi). 
T-DNA insertions were confirmed using PCR primers specific for gene sequences and 
the T-DNA left border.  Primers were designed using Primer3 (http://frodo.wi.mit.edu/cgi-
bin/primer3/primer3_www.cgi).  Insertion sites were confirmed by sequencing the PCR 
product of the left border primer and a gene-specific primer (Table III).  Gene expression was 
analyzed using RT-PCR.  Total RNA was isolated from 100 mg 5d seedling tissue using the 
Qiagen RNeasy kit.  Total RNA (1 μg) was used for reverse transcription using the 
Invitrogen SuperScript First-Strand kit.  PCR reactions used 10% of the RT product as DNA 
template.  Amplification consisted of 36 cycles of 94°C for 15 s, 60°C for 30 s, and 72°C for 
2 min, followed by a 4 min 72ºC extension phase. 
Homomeric ACCase mRNA Accumulation 
The accumulation of the homomeric ACCase mRNA was determined by northern blot 
and in situ hybridization analyses.  In both types of analysis, hybridization was conducted 
with radioactively labeled antisense RNA probes that were synthesized in vitro by the action 
of bacteriophage RNA polymerases on plasmid clone templates.  Two specific probes were 
utilized, termed A1 and A2.  The A1 probe is 718-nucleotides, and corresponds to positions 
#6238-#6956 of the ACC1 cDNA sequence (GenBank accession No. D34630; Yanai et al., 
1995).  This probe would detect both the ACC1 and ACC2 mRNAs.  The A2 probe is 200 
nucleotides, and corresponds to the unique, first exon of the ACC2 gene (#15,031 to #15,207 
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of the sequence deposited with GenBank as accession #AF062308).  The A2 probe would 
specifically detect only the ACC2 mRNA. 
For northern blot analyses, RNA was isolated from Arabidopsis organs, subjected to 
electrophoresis and blotted to nitrocellulose using methods described previously (Weaver et 
al., 1996).  Northern blots were hybridized with 32P-labelled single-stranded antisense RNA 
probes.  The relative accumulation of the homomeric ACCase mRNA was quantified using a 
Storm 840 PhosphorImager (Molecular Dynamics).   
In situ detection of the homomeric ACCase mRNA was conducted by hybridization to 
paraffin-embedded histological-sections of Arabidopsis organs (John et al., 1992; Wang et 
al., 1995).  Sections were hybridized with 35S-labelled antisense RNA probes; in all in situ 
hybridization experiments sense RNA probes were used in control hybridization 
experiments.  Hybridized slides were coated with nuclear track emulsion (Kodak NTB2), 
exposed for 1 to 4 d, and developed.  Sections were stained with Toluidine Blue and 
photographed with a Leitz orthoplan microscope under bright-field illumination.  In situ 
hybridization results were repeated four times using two sets of plant materials that had been 
independently processed, all of which gave very similar results.   
Transgenic Plants 
Two sets of transgenic Arabidopsis plants were generated that each carried either an 
ACC1::GUS or ACC2::GUS transgene.  The ACC1::GUS transgene was constructed by 
cloning the ACC1-promoter fragment (residues #1 to #3056 of the sequence deposited with 
GenBank as accession #AF062308) into the HindIII and BamHI sites of the plant 
transformation vector pBI101.2 (Clonetech, Palo Alto, CA).  Similarly, the ACC2-promoter 
fragment (residues #12,329 to #15,207 of the sequence deposited with GenBank as accession 
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#AF062308) was cloned into the HindIII and BamHI sites of the same plant transformation 
vector.  The resulting plasmids were transformed into the Agrobacterium tumefaciens strain 
C58C1 (Koncz and Schell, 1986), and these were used for plant transformation.  Arabidopsis 
plants were transformed by dipping floral organs into a saturated culture of A. tumefaciens 
strain harboring the above transformation vector (Clough and Bent, 1998).  Transformed 
seeds were selected by their ability to grow in the presence of kanamycin.  Transgenic plants 
were propagated to at least the T3 generation.  The transgene was homozygous as judged by 
the inheritance of the kanamycin resistance trait in siblings from individual T2-generation 
plants.   
Histochemical analysis of GUS activity 
GUS expression was studied in detail in three independent transgenic lines containing 
the ACC2::GUS transgene.  Fresh plant material were vacuum infiltrated with a solution 
composed of 30 mM NaH2PO4, 50 mM Na2HPO4, 8 mM EDTA, 0.12% Triton X-100, 4 mM 
K3[FeCN6], 4 mM K4[FeCN6]•3H2O, 20% methanol, and 1.5 mM 5-bromo-4-chloro-3-
indoyl-β-D-glucuronic acid (Jefferson et al., 1987).  The GUS reaction was allowed to 
proceed for either 6 or 18 hours at 37°C.  The stained tissue was then washed with 70% 
ethanol, and chlorophyll was cleared from the tissue by diffusion in a solution of 70% 
ethanol for a period of 3-18 h.  Plant material was photographed on a dissecting 
stereomicroscope with Kodak Elite Chrome 160T film.   
Transient expression of GFP fusion construct 
Beginning with the translational ATG start codon, 366 nucleotides corresponding to the 
putative transit peptide were amplified by RT-PCR from ACC2 total RNA as described 
previously.  This sequence was cloned into the pEarleyGate103 plant expression vector 
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(Earley et al., 2006).  Wild type Columbia Arabidopsis seeds were geminated as described 
for SALK T-DNA mutants.  7d seedlings were then transplanted to soil.  At 30d, rosette 
leaves were excised and cultured on full-strength Murashige and Skoog medium, pH 5.7, 
0.8% phytoagar.  The leaves were bombarded with tungsten particles coated with the GFP 
fusion construct at 900 psi using the Biolistic Particle Delivery System (PDS 1000, DuPont), 
and then incubated in the dark at 22°C for a minimum of 24 hrs.  To find cells expressing 
GFP-fusion constructs, detection of GFP fluorescence and chlorophyll autofluorescence by 
laser-scanning confocal microscopy was performed as follows.  Images were captured from 
living tissue not bombarded with GFP as a control and bombarded fresh tissues.  Transgenic 
plant leaves were mounted in water and screened using a Leica TCS-NT (www.leica-
microsystems.com) confocal laser scanning microscope system in the Confocal Microscopy 
Facility (Iowa State University, Ames, IA) equipped with a 40x/1.0 and 63x/132 NA oil 
immersion objectives and argon and krypton lasers.  The argon and krypton lasers (Uniphase) 
and 488nm/568nm FITC/TRITC wavelengths were used.  GFP signal (green color) was 
collected with an FITC filter set (BP520/50) at 488 nm and the autofluorescence (red color) 
was collected with a TRITC filter set (BP600/30) at 568 nm.   Digital images were imported 
into Adobe Photoshop 7.0 (Adobe, San Jose, CA) and merged. 
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Figure Legends 
 
Figure 1.  Schematic structure of the ACC1-ACC2 gene duplication.  The nucleotide 
sequence encompassing the ACC1 and ACC2 genes has been deposited with GenBank as 
accession No. AF062308.  In the schematic representation of the exon-intron structure of the 
ACC1 and ACC2 genes, exons are represented as shaded boxes, introns as the intervening 
lines, and 5’- and 3’-UTRs as unshaded boxes.  The checked boxes represent the non-
homologous ACC2 sequence.  Positional insertions and corresponding genomic sequence 
deletions of T-DNA tagged alleles are indicated.  Locations of genomic PCR primers (black 
arrowheads) and RT-PCR primers (unshaded arrowheads) are also indicated; see Table III for 
primer sequences.  Below, an amino acid sequence comparison of the N-terminii of the 
proteins encoded by the Arabidopsis ACC1 (At.ACC1), ACC2 (At.ACC2), and the Brassica 
napus ACCg8 (Bn.ACCg8) and ACCg10 (Bn.ACCg10) genes conducted with ClustalW 1.60 
is shown.  Identical residues are shaded in black, conservative substitutions are shaded in 
gray, hyphens indicate gaps inserted to maximize alignment similarity. 
 
Figure 2.  ACC2 protein localization.  Chloroplast autofluorescence (A, B) and GFP 
fluorescence (C, D) were visualized by confocal scanning laser microscopy and the resulting 
images were merged (E, F).  Results from mock-transformed non-transgenic wild type 30d 
rosette leaves (A, C, E) and leaves expressing a putative ACC2 transit peptide N-terminal 
GFP fusion (B, D, E) are presented.  Bars = 20 μm. 
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Figure 3.  Homomeric ACCase mRNA accumulation.  Northern blot analysis of RNA 
isolated from young expanding leaves (L), flower buds (B), flowers (F), and developing 
siliques at the indicated days after flowering.  This analysis was repeated on two sets of 
samples with near identical results.   
 
Figure 4.   In situ localization of homomeric ACCase mRNAs during flower and seed 
development, germinated seedling and real leaves.  Histological sections were hybridized 
with antisense RNA (A, C, D, F, H, K, L, M, O, P, S, U, Y, X, B’, D’, E’, F’, H, I’) or sense 
(control) RNA (B, E, G, I, J, N, Q, R, T, V, Z, A’, C, G’, J’) transcribed from the ACC1 
cDNA.  All hybridizations were repeated four times using two sets of independently 
processed plant materials, and typical results are presented.  (A, B) stage 7 flower bud; (C) 
stage 8 flower bud; (D, E) anthers in the stage 8 flower bud; (F, G) stage 10 flower bud; (H, 
I, ) anthers in the stage 11 flower bud; (J) filament and anthers in the stage 11 flower bud; (K, 
N) stage 12 flower bud; (L) ovary and anthers in stage 12 flower bud; (M) petal and anther in 
stage 12 flower bud; (O-R) siliques and ovules at 1 DAF (days after flowering); (S,T) ovules 
at 3 DAF; (U, V) ovules at 5 DAF; (Y, Z) ovules at 6 DAF, (X, A’) ovules at 9 DAF, and 
(B’, C’) ovules at 12 DAF; (D’- G’) cotyledons and shoot apex of germinating seedling at 2 
days after imbibition (DAI); (H’) cotyledons of seedling 2 DAI; (I’, J’) real leaves.  Sections 
were stained with Toluidine Blue O.    ii = inner integument of ovule; oi = outer integument 
of ovule;  em= embryo; en = endosperm; a = anther; f = filament of stamen;  o = ovule; sp = 
sepal; p = petal; r = receptacle; st = stigma; t = tapetum; cot = cotyledon;  sc = seed coat; rt = 
root.  Bars= 50 µm. 
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Figure 5.  Histochemical localization of ACC1-and ACC2-promoter-mediated GUS 
expression in transgenic Arabidopsis.  GUS activity was visualized by infiltrating 
ACC1::GUS (A, D, G, K, M, Q) and ACC2::GUS (B. C, E, F, H-J, L, N-P) transgenic tissues 
with 5-bromo-4-chloro-3-indolyl-β-D-glucoronic acid.  Seedling 2 days after imbibition (A-
C); seedling 5 days after imbibition (D-F); seedling 14 days after imbibition (G-I); leaf of 
seedling 18 days after imbibition (J); developing silique at 7 days after flowering (K, L); 
flower bud stage 8 (M, N, O); flower stage 11 (P).  Staining was either for 1 h (Q), 6 h (A, B, 
D, E, G, H, K-N) or 18 h (C, F, I, J, O, P).  Bar = 100 μm in A-C, M, N, P; 50 μm in O, Q; 
500 μm in D-L. 
 
Figure 6.  ACCase gene expression in acc2 mutants.  RT-PCR with gene-specific and 
cDNA-specific primers was used to detect ACC1 and ACC2 gene expression in 5d seedlings 
of three acc2 T-DNA mutant lines in sibling wild type (+/+) and homozygous mutants (−/−).  
ACC1 5’ = 1-5F + 1-5R (281 bp); ACC2 5’ = 2-5F + 2-5R (284 bp); ACC1 3’ = 1-3F + 1-3R 
(260 bp); ACC2 3’ (324 bp).  See Table III for primer sequences. 
 
Figure 7.  Seed development in acc1 mutants.  Developing seeds of sibling wild type and 
heterozygous mutants were examined by stereomicroscopy at 3 DAF (A, E, I), 5 DAF (B, F, 
J), 7 DAF (C, G, K), and 9 DAF (D, H, L).  A-D = ACC1/ACC1; E-H = ACC1/acc1-19; I-L = 
ACC1/acc1-20).  White arrows indicate underdeveloped seeds; bar = 250 μm. 
 
Figure 8.  Embryo and endosperm development in acc1 mutants.  Developing seeds of 
sibling wild type and heterozygous mutants were examined by confocal scanning laser 
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microscopy (A, B, E, F; bars = 50 μm) and scanning electron microscopy (C, D, G-J; bars = 
10 μm) at 3 DAF (A-D) and 7 DAF (E-J).  A, C, E, G, I = ACC1/ACC1; B, D, F, H, J = 
ACC1/acc1-19.  Em = embryo; N = nucleus; CW = cell wall. 
 
Figure 9.  Malonyl-CoA metabolism.  Plant cells generate two distinct pools of malonyl-
CoA that are intermediates in the biosynthesis of a multiplicity of phytochemicals.  In 
Arabidopsis, the plastidic malonyl-CoA-pool is generated by the heteromeric ACCase 
(htACCase) and the cytosolic malonyl-CoA-pool is generated by the homomeric ACCase 
(hmACCase). 
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Table I  Glucoronidase activities in extracts from ACC1::GUS  and ACC2::GUS transgenic 
plantsa 
  nmol•(min•mg protein)-1 Transgenic 
plant line  Flowers  Siliques  Seedlings 
ACC1::GUS  0.68 + 0.07  3.8 + 1.1  0.43 + 0.08 
ACC2::GUS  0.0018 + 0.0002  0.005 + 0.002  0.0011 + 0.0005 
wild type   0.00003 + 0.000005  0.00005 + 0.000005  0.00007 + 0.000005
 
aAverage of three determinations of three independent transgenic lines   
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Table II  Statistical analysis of segregation data 
 Segregation  Statistical test Mutant 
allele  +/+  +/−  −/−  χ2  α = 0.05 d.f.
acc1-19  36  60  0  33.000*  5.991 2 
acc1-19  36  60  −  0.750  3.841 1 
acc1-20  11  17  0  9.929*  5.991 2 
acc1-20  11  17  −  0.446  3.841 1 
acc2-1  14  18  16  3.167  5.991 2 
acc2-2  12  22  8  0.857  5.991 2 
acc2-3  15  23  11  0.837  5.991 2 
 
*Indicates statistical significance 
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Table III  Primer sequences 
Primer  Sequence 
19F  GAAGGTCAGCTTCTGTAGATATGCCTTTT 
19R  GAGTTCTCAGTGAATGAACTTTCAC 
20F  TTCACACATACGCTTACTCTTTTGGCTAT 
20R  GTTCTCTGGGACATACTCCACAATTCTC 
1F  TTTCAGGTTAAGATACCTCCGGG 
1R  TGAGCGTAAATAATCCACAAAGG 
2F  AAAAATGCCATTACCTAAAAGGCAAAAA 
2R  AGACAAGGTGTATTCAATATCGAACATGG
3F  TGAGATTGCTCATATGTTTTGCAGG 
3R  GCTGCTCCATAAGTCGAAGAACC 
LB  CGTTCTTTAATAGTGGACTCTTGTTCCAA 
RB  GACAGGTCGGTCTTGACAAAAAGAAC 
1-5F  ATTTGTATCTCTGCTTCCTTACAAGATA 
1-5R  GCCATCCCCACCAACAATATG 
1-3F  TTGCTAATCTTCTAAACAAGGTGGAG 
1-3R  AAATATGAAGCAAGAGTGACATGTTGA 
2-5F  TCCTTCTTGGAAAATGATGTATCTGA 
2-5R  GCCATTGCCACCAACTTTACC 
2-3F  TCTTCTAAACAAGGTGGATCTTTCAA 
2-3R  TGTCACAAGCTTTTAAGTTCCTTT 
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Figure 1, Schmidt et al. 
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Figure 2, Schmidt et al. 
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Figure 3, Schmidt et al. 
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Figure 4 (A-R), Schmidt et al. 
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Figure 4 (S-J’), Schmidt et al. 
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Figure 5, Schmidt et al. 
  
107
Figure 6, Schmidt et al. 
 
  
108
Figure 7, Schmidt et al. 
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Figure 8, Schmidt et al. 
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Figure 9, Schmidt et al. 
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CHAPTER 4.  CONCLUSIONS 
 
Reverse genetic analysis, expression pattern characterization, and protein localization 
studies have sought to answer the following questions: 
a) What is the functional significance of the three paralogous ACLA genes and the two 
paralogous ACLB genes? 
b) What is the functional significance of the two paralogous homomeric ACC genes? 
The expression patterns of each of the ACL genes was examined by engineering 
promoter-reporter gene constructs and expressing them in Arabidopsis by stable 
transformation.  A 1-kb genomic DNA sequence immediately preceding the each gene’s 
ATG start codon was cloned and fused to the GUS reporter gene.  Histochemical assays 
demonstrated that in 18d seedlings, the chosen analytical platform, the genes had different 
expression patterns.  ACLA1::GUS was broadly expressed while ACLA2::GUS was 
expressed at lower levels and more discreetly, largely confined to the trichomes and root 
vasculature.  ACLB2::GUS expression was detected strongly in the roots. Expression of 
ACLA3::GUS and ACLB1::GUS was not detected. 
Segregation analysis and phenotypical characterization of T-DNA mutant alleles 
demonstrated that the ACLA gene family displays significant functional redundancy.  
Characterization of the biochemical phenotype focused on downstream products of the 
carboxylation pathway.  These included:  seed fatty acid extraction, root fatty acid extraction, 
cuticular wax extraction, anthocyanin accumulation both under normal conditions and in 
response to increased illumination intensity.  Homozygous mutants in each of the ACLA 
genes were viable, fertile, and free of any obvious morphological abnormalities and 
  
113
demonstrated few biochemical phenotypes, as well.  Moreover, intercrosses showed that 
homozygous double mutants were also relatively unaffected. 
In contrast, mutants in the ACLB gene family showed far less functional redundancy.  
One homozygous lethal mutant allele each was isolated for ACLB1 and ACLB2.  One viable 
allele was isolated for each, as well.  aclb1-1 segregated normally for recessive a non-lethal 
mutant allele, but mature homozygous mutant (aclb1-1/aclb1-1) were significantly shorter in 
stature than their wild type siblings.  In allelic crosses, the aclb1-1 allele could not rescue the 
lethal aclb1-2 allele.  In aclb2-1 segregation data, the homozygous mutant (aclb2-1/aclb2-1) 
genotype was significantly under-represented.  Allelic crosses with the lethal aclb2-2 allele 
demonstrated only partial rescue, and the hetero-allelic mutant (aclb2-2/aclb2-1) was 
significantly under-represented in F2 segregation data. 
Intercrosses with the two viable ACLB mutants (aclb2-1 × aclb1-1) provided the most 
definitive evidence to date that ACL is the sole source of cytosolic acetyl-CoA biosynthesis, 
and its loss has lethal consequences.  Double homozygous mutants were never recovered, 
and examination of developing seeds from double heterozygous parents demonstrated that 
approximately one in every 16 seeds failed to develop properly, often showing signs of 
significant abnormalities by approximately 5 DAF.  Further, a limited sample of 
ACLB2/aclb2-1, aclb1-1/aclb1-1 plants displayed a much more severe phenotype, consistent 
with a previously-observed phenotype which was correlated with reduced ACL activity.  As 
such, it was concluded that the ACLB gene family displayed a lesser degree of functional 
redundancy than did the ACLA gene family.  Further, the loss of ACLB genes appeared to 
display a dosage effect. 
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Reverse genetic analysis of T-DNA mutant alleles of ACC1 and ACC2 demonstrated that 
they encode non-redundant physiological functions.  Two different Arabidopsis lines 
carrying mutant alleles of ACC1 were unable to propagate the homozygous mutant 
(acc1/acc1) genotype.  Examination of developing seeds from heterozygous (ACC1/acc1) 
parents demonstrated that approximately one-quarter of the seeds showed significant 
abnormalities by 3 DAF and were non-viable.  Further investigation of these abnormal seeds 
by confocal scanning laser microscopy and scanning electron microscopy revealed that the 
development of embryos contained therein arrested by early heart stage, with the endosperm 
displaying significant abnormalities, as well.  Accordingly, it was concluded that functional 
loss of ACC1 is lethal in Arabidopsis. 
In contrast, three different Arabidopsis lines carrying mutant alleles of ACC2 produced 
the homozygous mutant (acc2/acc2) genotype and segregated as expected according to 
standard Mendelian genetics for recessive non-lethal mutant allele.  Analysis of the 5’ ends 
of ACC1 and ACC2 by 5’-RACE demonstrated that Exon 1 of ACC2 contains a protein-
coding sequence which has no homology to any ACC1 sequence.  This sequence does, 
however, show significant homology to an experimentally demonstrated plastid-targeting 
sequence from a homomeric ACCase in Brassica napus.  This sequence was cloned and used 
to engineer a GFP fusion.  When this recombinant GFP protein was transiently expressed in 
Arabidopsis rosette leaves and visualized by confocal scanning laser microscopy, it localized 
to the plastids.  As such, it was concluded that ACC2 contains a novel “gain-of-function” 
plastid targeting sequence which ACC1 does not. 
 
